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Generalized Gouy rotation of electron vortex beams in uniform magnetic fields
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The intrinsic rotation of electron vortex beams, governed by their phase structure, has been experimentally
observed in magnetic fields by breaking the beam’s cylindrical symmetry. However, conventional Landau states,
which predict three fixed angular frequencies, cannot fully account for the existing experimental observations.
To address this limitation, we introduce and derive the generalized Gouy rotation angle, which links the Gouy
phase of an extended Landau state—featuring a periodically oscillating beam width—to the experimentally
observed angular variation. In particular, this framework predicts a broader spectrum of angular frequencies and
captures the reversal of rotation direction observed in electron vortex beams with negative topological charge.
Calculations based on experimental parameters show good agreement with previously published data and are
further validated here by numerical simulations using the Chebyshev method. Our results are, in principle,
applicable to any system involving electron vortex beams in uniform magnetic fields, and provide a foundation
for exploring vortex electrons in Glaser and other nonuniform magnetic fields.
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I. INTRODUCTION

Vortex beams, characterized by their quantized orbital an-
gular momentum (OAM) along the axis of propagation and
helical wave fronts, represent a powerful tool endowed with
an additional degree of freedom for exploring new physics
[1,2]. Researches on vortex beams have advanced across
multiple disciplines, including particle physics [3–6], op-
tics [7–11], nuclear physics [12–14], atomic and molecular
physics [15–17], condensed matter physics [18–22], and as-
trophysics [23], among others. Within this broad range, vortex
electrons have been extensively investigated [24–31]. Specif-
ically, consistent efforts are directed towards understanding
their behavior in magnetic fields [32–43] and one widely
discussed topic is the rotational dynamics of EVBs [37–40].

Understanding the rotational dynamics of EVBs in mag-
netic fields, particularly in the context of transmission electron
microscopy (TEM) [1,38–40,44], presents a complex chal-
lenge both experimentally and theoretically. To approach this
problem, it is helpful to first recall the classical concept of
Larmor rotation in TEM [45] before addressing quantum
aspects. When an electron beam passes through a magnetic
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lens–standard in TEM setups–the resulting image is rotated
around the symmetric axis of the lens system by an angle
that depends on the magnetic field strength. This image ro-
tation represents a coherent rotation of the electron beam as a
whole around the fixed symmetry axis of the magnetic lens.
In contrast, the cyclotron motion of individual electrons oc-
curs locally, around the center of curvature of each electron’s
helical trajectory.

In quantum mechanics, a richer picture of rotational dy-
namics emerges–one that goes beyond classical trajectories
and uncovers intrinsic OAM carried by the wave function it-
self. Even when electrons propagate along the symmetric axis
of the magnetic lens with negligible transverse velocity–thus
precluding classical rotation–quantum mechanics still permits
complex internal rotation arising from the wave function’s
structured phase and probability currents. A prime example of
such intrinsic rotational behavior is found in the eigenstates of
electrons in a uniform magnetic field, commonly referred to as
Landau states [37,39,40]. In particular, these spatially struc-
tured Landau modes feature circulating probability currents
and phase singularities that give rise to internal rotation within
the beam. This internal dynamics is elegantly illustrated by
Bohmian trajectories, which represent the streamlines of the
probability current, tracing spiral paths that demonstrate a
fundamental rotational characteristic inherent to the quantum
state, as shown in Fig. 1.

Although this intrinsic rotation is always present, it be-
comes experimentally observable only when the beam’s
cylindrical symmetry is broken–for example, by partially
blocking the beam. In such cases, the internal angular
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FIG. 1. The Bohmian trajectories of electron vortex beam in uni-
form magnetic fields. A knife edge cuts the vortex beam, producing a
truncated pattern that rotates according to the Bohmian trajectories.
Trajectories with the same initial radius are distinguished by hue
color mapping based on different initial angles. The expectation
value of the rotation angle is highlighted by a light orange line.

evolution manifests as a measurable rotation of the beam’s
truncated intensity pattern in the transverse plane. This ob-
servable effect is often taken as the signature of the quantum
beam’s rotational dynamics and provides insight into the in-
ternal structure of vortex beams in magnetic fields.

Recent studies reveal seemingly distinct regimes of rota-
tional behavior: in a specific propagation region, the beam’s
angular frequencies can be approximated by three fixed fre-
quencies predicted by the Landau states [39,40]; near the
focus, a rapid rotation appears [38,40], akin to the free-space
Gouy rotation; and in the far field, the rotation approaches
the classical Larmor frequency [38,40]. Remarkably, these
rotational regimes have all been observed within a single
beam at varying propagation distances [40], but lacks a
unified description. This motivates a re-evaluation of the ro-
tational dynamics, which may contribute to spatially resolved
measurements of longitudinal magnetic fields [35] and manip-
ulations of nanoparticles with EVBs [46] in magnetic fields.

The relativistic paraxial equation in magnetic fields for
electron beams can be derived from the Foldy-Wouthuysen
(FW) Hamiltonian [34,47]. The FW representation [48] estab-
lishes a Schrödinger picture of relativistic quantum mechanics
[48,49]. The exact solution of this equation proves to be a
promising candidate for investigating EVBs in magnetic fields

[34,50], referring hereafter as “paraxial Landau modes”. The
Landau states, commonly used to characterize electrons in
uniform magnetic fields, emerge as special cases when the
beam waist of paraxial Landau modes equals a magnetic
length parameter [51]. Furthermore, as magnetic fields ap-
proach zero, the paraxial Landau modes transform into the
free-space Laguerre-Gaussian (LG) beams [1].

The Gouy phase is a fundamental phase anomaly of
propagating waves [52,53]. While extensively studied in op-
tics [54–59], research on the Gouy phase of matter waves
[38,60–64] and its impact on quantum state evolution remains
limited. In free space, the Gouy phase is associated with the
rotational dynamics of vortex beams [38,65,66]. However, the
original form of Gouy rotation inadequately describes rota-
tion of EVBs within magnetic fields. The Gouy phase of the
paraxial Landau modes takes on a distinct form compared to
the familiar Gouy phase of free-space LG beams. This leads to
a generalized Gouy rotation associated with paraxial Landau
modes, which proves useful in describing rotational dynamics
of EVBs in uniform magnetic fields.

In this work, we unify the different rotational regimes of
EVBs in uniform magnetic fields by introducing and deriving
the generalized Gouy rotation frequency. This quantity links
the phase structure of EVB wave functions in magnetic fields
directly to observable rotational dynamics. It reveals reversals
in the rotation direction for EVBs with � < 0, a feature that
has not been coherently incorporated into existing theoret-
ical models. The rotation angles of EVBs are theoretically
calculated based on paraxial Landau modes, demonstrating
consistency with previously published experimental data in
[40]. To further validate our findings, we conduct numerical
simulations using the Chebyshev method. In the Discussions,
we distinguish our analytical single-mode analysis from an
alternative effective method proposed in [40], which involves
representing beams in magnetic fields as superpositions of
free LG beams.

II. PARAXIAL LANDAU MODES

The FW Hamiltonian is ĤFW =
β
√

m2c4 + π̂2c2 − eh̄c2� · B [34,47,67], where π̂ = p̂ − eÂ
represents the kinetic momentum, Â = B̂ × r̂/2 is the vector
potential in symmetric gauge, β and � are the Dirac matrices.
The z axis of cylindrical coordinates (r, φ, z) is directed along
magnetic field, B = Bz̄. The electron charge is e = −|e|. The
spin term szB can be disregarded because it can be eliminated
together with m2 after the zero-energy-level shift [34]. Using
the paraxial approximation π̂2 ≈ pp̂z + π̂2

⊥/2 together with
the ansatz ψ = eikz�, one can obtain the paraxial equation for
EVBs in uniform magnetic fields [34]:

[
2ih̄2k

∂

∂z
+ h̄2∇2

⊥ − ih̄eB
∂

∂φ
− 1

4
e2B2r2

]
� = 0, (1)

where k is the wave number related to momentum by the de
Brogile relation p = h̄k, and p satisfies the relativistic disper-
sion relation E2 = m2c4 + p2c2. ∇2

⊥ is the transverse Laplace
operator in cylindrical coordinates. The exact form of Eq. (1)
has been obtained in [47].
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The exact solution of the paraxial equation (1), given in
earlier studies [34,50,68,69], is

�n� = Aei(�φ+ kr2

2R(z) −�G(z)), (2a)

A = Cn�

w(z)

( √
2r

w(z)

)|�|
L|�|

n

(
2r2

w(z)2

)
e− r2

w(z)2 , (2b)

Cn� =
√

2n!

π (n + |�|)! . (2c)

A defines the real amplitude. L|�|
n is the generalized Laguerre

polynomial, with n = 0, 1, 2, . . . the radial quantum number
and � = 0,±1,±2, . . . the topological charge. w(z) is the
beam width, R(z) is the radius of curvature of the wavefront,
and �G(z) is the Gouy phase [70]:

w(z) = w0

√
cos2 z

zm
+ z2

m

z2
R

sin2 z

zm
, (3a)

R(z) = kw2
m

cos2 z
zm

+ z2
m

z2
R

sin2 z
zm( z2

m

z2
R

− 1
)

sin 2z
zm

, (3b)

�G(z) = N arctan

(
zm

zR
tan

z

zm

)
+ �

z

zm
, (3c)

where N = 2n + |�| + 1, w0 is the beam waist, zR = kw2
0/2 is

the Rayleigh distance, wm = 2
√

h̄/|e|B is a magnetic length
parameter, and zm = kw2

m/2 is related to the Larmor distance
through zL = 2πzm [39]. When taking the limit B → 0, the
parameter functions in Eq. (3) become that of free-space
LG beams [34]. Once the condition wm = w0 is satisfied,
Landau states are recovered [51]. The beam width given by
Eq. (3a) oscillates with a spatial period of πzm, similar to
the classical and well-known periodic oscillations of electron
trajectories inside magnetic fields. While the latter results
from the Lorentz force and the electron’s classical motion, the
oscillations of the beam width arise from the beam’s quantum
wave nature. It is worth noting that inside the typical Glaser
lens field of a TEM objective lens, the classical trajectory can
oscillate with varying amplitudes and nonstrict periodicity.

III. ROTATIONAL DYNAMICS

The rotation of EVBs in a magnetic field is closely linked
to Bohmian trajectories [1,39,40]. These trajectories illus-
trate the spiraling motion of electrons around the direction of
magnetic fields. When considering the presence of a vector
potential A, the gauge-invariant probability current is j =
[h̄Im(ψ∗∇ψ ) − eA|ψ |2]/m [1,71]. The angular frequency of
electron is related to the current through ω(r) = vφ (r)/r =
h̄�/mr2 + ωL with the local Bohmian velocity given by v =
j/ρ, where ρ = |ψ |2 and ωL = |e|B/2m is the Larmor fre-
quency. Its expectation value turns out to be

〈ω〉(z) = ωL

(
sgn(�)

w2
m

w(z)2
+ 1

)
, (4)

where we have used the fact that for LG beam given in the
form of Eq. (2) and � 
= 0, 〈r−2〉 = 2/|�|w(z)2 [40,72]. For
Landau states, w(z) = wm and we recover the quantized

FIG. 2. Normalized angular frequency 〈ω〉/ωL as a function of
z/zm. The solid curve is obtained from the paraxial Landau modes
by substituting Eq. (3a) into Eq. (4), while the dashed lines indicate
the quantized angular frequencies of the Landau states [39]. For
� < 0, the shaded region highlights the sign reversal of 〈ω〉 across the
〈ω〉= 0 axis. This plot serves as an illustrative example, where we set
zm = 4zR and display one representative periodic interval from −πzm

to 0. The two insets provide classical schematic views of cyclotron
and Larmor frequencies for reference.

rotation of Landau electrons: 〈ω〉(z) = ωL(sgn(�) + 1)
[37,39]. Depending on the sign of topological charge �, it
can take values of cyclotron frequency ωc = 2ωL, Larmor
frequency ωL, and zero, as illustrated in Fig. 2. A notable
observation is that, unlike the zero angular frequency
predicted by conventional Landau states for � < 0, the
generalized Gouy rotation can exhibit reversals in the rotation
direction along propagation. This behavior is also absent in
free-space Gouy rotation and highlights a distinctive effect
induced by the magnetic field.

Changing the time increment to experimentally accessible
z-shift 〈ω〉 = d〈φ〉/dt = vd〈φ〉/dz, we can then calculate the
Bohmian rotation angle through 〈φ〉 = ∫ 〈ω〉dz/v:

〈φ〉 = sgn (�) arctan

(
zm

zR
tan

(
z

zm

))
+ z

zm
. (5)

Here, the integration constant is chosen to be zero and v =
h̄k/m is assumed to be uniform. The relationship between
the Bohmian rotation angle and the Gouy phase can be inter-
preted by Coriolis (or rotational-Doppler) coupling between
the intrinsic OAM carried by the EVBs and the Bohmian
coordinate-frame rotations [73]: �Coriolis = − ∫

J · � dt, with
J = �êz, and � = 〈ω〉êz.

The formula (5) for rotation angles can be related to the ex-
perimental data in [40]. In the experiment, an incident electron
beam was initially transformed into EVBs using a holographic
fork mask. The EVBs then encountered a longitudinal mag-
netic field produced by the objective lens inside the TEM.
The EVBs continued to propagate until they reach a knife
edge (KE). Subsequently, the cut EVBs proceeded along the
column, ultimately reaching the observation plane positioned
above focal plane, i.e., the defocus position zdf . The rotational
dynamics of the EVBs are studied by adjusting the position

023306-3



QI MENG et al. PHYSICAL REVIEW RESEARCH 7, 023306 (2025)

of the KE zk , resulting in variations in azimuthal angles of the
half-moon-like patterns on the observation plane:

�〈φ〉 = sgn (�)

[
arctan

(
zm

zR
tan

(
zk

zm

))

− arctan

(
zm

zR
tan

(
zdf

zm

))]
+ zk − zdf

zm
. (6)

Note that the arc tangent term in Eq. (6) is understood
hereafter as (arctan( zm

zR
tan z

zm
) + π� z

πzm
+ 1

2�) to ensure its
continuity over (−∞,∞), where �·� denotes the floor func-
tion [50]. For clarity, all patterns are observed at the same
fixed defocus plane zdf ; each pattern is generated in a separate
trial by truncating the beam at a different knife-edge position
zk , and is labeled accordingly by that zk .

As a heuristic argument to support the use of Eqs. (5)–(6)
for describing the rotation of truncated EVBs, we refer to
Fig. 1, where it is assumed that the Bohmian trajectories
in the untruncated region remain largely unaffected by the
truncation. A more rigorous argument relies on the assump-
tions that truncation preserves the radial profile of the original
vortex beam [40] and conserves the expectation value of OAM
[38,40]. Suppose the uncut vortex � ∝ ei�φ is modified only
in its angular dependence by a factor f (φ), such that the
truncated wave function becomes � ∝ f (φ)ei�φ . The angu-
lar frequency shift is then given by �ω ∝ Im( f ∗∂φ f )/| f |2,
whose expectation value is �〈ω〉 ∝ ∫ 2π

0 dφ Im( f ∗∂φ f ). Since
φ = 0 and φ = 2π represent the same physical point, the
function f (φ) is 2π -periodic and admits a Fourier expansion:
f (φ) = ∑

s cseisφ . It follows that

�〈ω〉 ∝ Re

⎛
⎝∫ 2π

0
dφ

∑
s′,s

sc∗
s′cse

i(s−s′ )φ

⎞
⎠ =

∑
s

s|cs|2. (7)

Meanwhile, the OAM expectation value is

〈L̂z〉� =
∫ 2π

0
dφ

∑
s′,s

h̄(� + s)c∗
s′cse

i(s−s′ )φ

= h̄

(
� +

∑
s

s|cs|2
)

,

where we have used the normalization
∑

s |cs|2 = 1. Thus,
ensuring �〈ω〉 = 0 is equivalent to requiring that 〈L̂z〉� =
h̄�, i.e.,

∑
s s|cs|2 = 0. In this case, the truncation f (φ) may

broaden the OAM distribution but does not shift its mean.
Both existing experimental results and our subsequent simu-
lations are consistent with these assumptions, confirming that
the observed rotation of the truncated beam reliably reflects
the intrinsic rotational dynamics of the vortex beam.

In the experiment [40], the magnetic field used is B = 1.9 T
for a standard TEM objective lens. Under the working energy
of 200 keV, the electron travels at a relativistic speed v �
0.7c, where c is the speed of light. The relativistic mass of the
electron is m = γ m0, where m0 denotes the rest electron mass.
Utilizing wm = 2

√
h̄/|e|B and the wave number k = mv/h̄,

we can determine the characteristic distance: zm = kw2
m/2 �

1759 µm.
The theoretical analysis based on Eq. (6) is plotted in Fig. 3

for EVBs with different topological charges � = ±1,±3,

[d
eg
]

FIG. 3. The calculated rotation angles �〈φ〉 as functions of
knife-edge positions zk . The upper annotations reproduce the region
divisions from Ref. [40] (Larmor, LS, and Gouy) and introduce the
“Generalized Gouy”, a new perspective that brings these regions
together under a unified framework. The cyan squares, the blue
rhombus, the red circles, and the magenta triangles represent the
experimental data, taken from [40], for EVBs with n = 0 and � =
−3, −1, 1, 3, respectively. The solid lines represent our theoretical
result in Eq. (6), and although the curves are similar to those from
the effective model used in Ref. [40] within the limited experi-
mental parameter ranges, they are independently derived and reflect
the current theoretical framework. The Rayleigh distances used in
the experiment are zR = 1.46 µm for |�| = 1 and zR = 2.84 µm for
|�| = 3; the observation plane is shifted from the focus plane by a
distance zdf = −9 µm. Note that �〈φ〉 is plotted in degree, requiring
an additional factor of 180/π in Eq. (6).

which are consistent with the experimental data, taken from
[40]. In the experimental conditions utilized in [40], the Gouy
rotation exhibits notably rapid behavior near the focal point.
Importantly, in the region ranging from −80 µm to −30 µm,
we have the approximate Landau states characterized by
w(z) � wm, in agreement with the experiment in [39]. The
experiment in [38] made separate observations of the Gouy
rotation and Larmor rotation in magnetic fields. In our context
they can be considered as components of the generalized
Gouy rotation that dominate across different ranges. As shown
in Fig. 3, EVBs with � = −1 and � = −3 exhibit a reversal in
the rotation direction, supporting the characteristic behavior
of generalized Gouy rotation for � < 0.

IV. SIMULATIONS

To further validate our theoretical analysis and enable
subsequent discussions, we perform numerical simulations
using the paraxial equation (1) as the governing equation. The
simulations are initialized with the truncated paraxial Landau
modes, described by

�(r)|z=zk =
{
�n�(r)|z=zk , φ ∈ (0, π )
0, φ ∈ (π, 2π ). (8)

It is worth noting that the truncated beam � represents a
superposition of numerous paraxial Landau modes which in-
terfere and result in complex diffraction deformations [38].
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FIG. 4. (a) The initial intensity profiles of � on the KE plane at
zk = −350 µm as reference. (b) The simulated intensity profiles of
� on the observation plane for EVBs with radial index n = 0 and
topological charge � = −3, −1, 1, 3 respectively, at five distinct cut-
ting positions: zk = −20 µm, −50 µm, −80 µm, −100 µm, −350 µm.
The light orange lines overlaid on the intensity profiles indicate the
opposite of theoretically calculated angles described in Eq. (6) since
we are comparing the intensity profiles at the observation plane with
the KE plane. Remarkably, these lines are in accordance with the
observed rotation angles of the intensity profiles.

Its OAM expectation value proves to be approximately con-
served, 〈L̂z〉 ≈ h̄� [38,40].

The numerical method used here is the Chebyshev method.
Although it is originally applied to solve the time-dependent
Schrödinger equation (TDSE) [36,74,75], we notice that
Eq. (1) can be written as a TDSE-like form:

ih̄
∂

∂z
� =

[
− h̄

2k
∇2

⊥ + i
eB

2k

∂

∂φ
+ e2B2r2

8h̄k

]
�. (9)

The transverse spatial extent of the simulated wave func-
tion decreases by a ratio of 6400 from the smallest z-shift to
the observation plane, as shown in Fig. 4. To ensure stability
and precision in the simulation, a fine spatial grid is necessary.
Acting as a global approximation technique, the Chebyshev
method facilitates the direct calculation of the final states once
the Hamiltonian and initial states of the system are provided.
This is achieved by expanding the unitary propagation oper-
ator as a series of Chebyshev polynomials, as discussed in
[36,74,75]. Additional numerical details are provided in the
Supplemental Material [76].

The simulated results are shown in Fig. 4. The rotations
of semi-annular intensity profiles can be seen to match the
dashed lines representing our theoretical analysis in Eq. (6).
Specifically, at zk = −20 µm and −50 µm, the intensity pro-
files exhibit rapid Gouy rotation. Subsequently, from −50 µm

FIG. 5. Rotation angles �〈φ〉 as functions of zk for generalized
Gouy rotation and model based on free LG beams. We use the
Rayleigh distance zR = 2.84 µm for n = 0, |�| = 3 as in the exper-
iment in [40] and extend the z-shift range down to −2πzm for
differentiation between the two approaches. The gray band repre-
sents the accessed z-shift range in the experiment. The region near
the focus at −πzm is magnified to illustrate the fast yet continuous
Gouy rotation.

to −80 µm, the intensity profiles for � < 0 undergo min-
imal rotation, indicative of the zero frequency associated
with the Landau states. Noteworthy observations emerge from
−100 µm to −350 µm. EVBs with positive � values exhibit
consistent rotation in one direction, while those with negative
� values demonstrate a reversal of rotation, as can be observed
in Fig. 4(b).

V. DISCUSSIONS

Our method using paraxial Landau modes is different from
that used in [40]. The latter involves decomposing the wave
function in magnetic fields into free LG beams and finds
that for converging EVBs in magnetic fields with vortex
order �, free LG beams of the same order � provide a vi-
able approximation. By substituting the beam width w(z) =
w0

√
1 + z2/z2

R of free LG beams into Eq. (4), one can derive
a formula for the rotation angles:

�〈φ〉 = sgn (�)

[
arctan

(
zk

zR

)
− arctan

(
zdf

zR

)]

+ zk − zdf

zm
. (10)

In the range of accessible z-shifts and under the parameters
employed in their experiment [40], it shows effectiveness
in describing converging EVBs. However, this approach
combines characteristics of the rapid, free-space Gouy-like
rotation near the focus with the Larmor frequency induced
by the magnetic field, yet fails to provide a coherent physical
description. In contrast, our formulation unifies these effects,
clearly demonstrating how the beam undergoes a rotation
driven by the Gouy phase of paraxial Landau modes, with
the magnetic field’s influence inherently embedded in the
solution.
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2w z

[deg]

FIG. 6. (a) Rotation angles �〈φ〉 as functions of zk for generalized Gouy rotation and model based on free LG beams. The Rayleigh
distance used here is zR = 1000 µm, in contrast to the experimental value of 2.84 µm for n = 0, |�| = 3. The red points indicate the locations
where simulations are conducted. (b) The longitudinal slice of the beam intensity profile illustrates the change in beam width w(z), indicating
beam undergoes both divergence and convergence along its propagation. The white dashed lines mark the magnetic length wm. The yellow
arrow indicates the direction of beam propagation. (c) The simulated intensity profiles for n = 0, |�| = 3 at different cutting positions zk =
−πzm/4, −πzm/2, −3πzm/4, −πzm. The light orange lines represent the theoretical predictions based on Eq. (6), which are consistent with
simulations. The scale bar is identical to that in Fig. 4(a), and the size of the field of view is the same as that of Fig. 4(b).

We take into account the oscillating behavior of beam
width induced by magnetic fields. The range of z-shifts can
be extended such that the beam demonstrates both divergent
and convergent behavior and the result is shown in Fig. 5. To
further distinguish between the two approaches and facilitate
simulations, we opt for a Rayleigh distance of zR = 1000 µm.
This amounts to choosing a beam waist of approximately
20 nm rather than the 1 nm used in the experiment. The results
are shown in Fig. 6 and it should be noticed that for zk �
−πzm/2 the beam undergoes divergence and the difference
becomes apparent.

Further experimental verifications could involve employ-
ing a low-energy TEM [77], or increasing the magnetic field.
Both strategies aim to reduce zm = 2mv/|e|B such that the
critical position −πzm lies within the accessible region of
the experiment, as depicted in Fig. 5. Importantly, while
the magnetic field is considered uniform within the studied
propagation range, the experiments were conducted in the
approximately bell-shaped Glaser field [68,78,79] of a TEM
objective lens. Extensions to Glaser fields remain a subject for
future exploration.

VI. CONCLUSIONS

The generalized Gouy rotation is associated with the Gouy
phase of the paraxial Landau modes, which extend Landau
states by allowing their transverse structure to evolve dur-
ing propagation. Unlike the free-space Gouy rotation, which
is characterized by rapid image rotation near the focus and
remains nearly constant beyond the Rayleigh distance, the

generalized version exhibits distinct behaviors throughout the
entire beam propagation. Importantly, it enables novel predic-
tions of angular frequencies that go beyond the three fixed
values allowed by conventional Landau states. In particular, it
can account for reversals in the rotation direction of electron
vortex beams with negative topological charge.

Our model is consistent with both experimental obser-
vations and numerical simulations. This agreement suggest
that paraxial Landau modes may arise naturally in realistic
settings with quasi-uniform magnetic fields. We also identify
parameter regimes, where the effects of generalized Gouy
rotation are expected to become more pronounced, suggesting
viable directions for future experimental verification. More-
over, our findings are not limited to the context of electron
microscopy and, in principle, apply to any system involving
electron vortex beams in uniform magnetic fields. Extensions
to nonuniform configurations, such as Glaser fields, represent
a natural direction for future work.
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