PHYSICAL REVIEW B 106, 024104 (2022)

Zeeman-type energy level splittings controlled by an electric field
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Two-level systems are at the heart of quantum information and quantum computation based on qubits.
The manipulation of Zeeman-type energy-level splittings is crucial for utilizing two-level systems hosted by
electronic spin or pseudospin in crystalline materials. Of particular interest are Zeeman-type energy level
splittings controlled by the electric field, most of which were realized in materials involving both spin and
nonspin degrees of freedom that are entangled strongly via spin-orbital interaction. Here, we provide a strategy
enabling the electric-field control of Zeeman-type energy-level splitting rooted in the nonspin degree of freedom
of electrons—essentially from sublattice/atomic orbitals—in materials containing nonsymmorphic symmetry

elements (e.g., glide plane or screw axis). The physical origin of such a Zeeman-type splitting is revealed as
the breakdown of the specific nonsymmorphic symmetry elements by electric field. We further propose, via
first-principles simulations, a platform system of CaTiO; under tensile strain (ferroelectric compound) that
accommodates a large Zeeman-type energy-level splitting of ~124 meV, controllable by the electric field.
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I. INTRODUCTION

The qubits, represented by two-level systems, is at the core
position of quantum information and quantum computation
[1]. The electronic spin or pseudospin (see, e.g., Ref. [2] for
the notion of pseudospin) degree of freedom (DOF) is an ideal
platform for such two-level systems [3]. The basic conditions
for utilizing the (pseudo)spin DOF in materials require: (i)
that Zeeman-type splittings of electronic (pseudo)spin energy
levels exist, and (ii) that such Zeeman-type splittings can be
controlled [4,5]. Of particular interest is the coherent manipu-
lation of spin or pseudospin Zeeman splittings by the electric
field. Regarding electronic spin, the Zeeman-type splittings
manipulated by the electric field have already been realized
in WSe; [6] and two-dimensional hole systems [7]. Besides,
valley, the local maxima or minima of electronic band energy
of solids [8], constitutes a two-level pseudospin system [3].
Strikingly, the electric control of valley Zeeman splitting was
also achieved in, e.g., the heterostructures formed by bilayer
graphene/WSe, [9,10], and CulnP,S¢/MnPS; [8].

Most of the electrically controllable Zeeman-type
(pseudo)spin splittings are microscopically ascribed to
spin-orbital interaction (SOI) involving both electronic spin
and nonspin DOFs [11] with the following dilemma. Usually,
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large SOl is beneficial for creating the giant Zeeman splitting,
in favor of distinguishing the two (pseudo)spin states.
However, large SOI will entangle spin and nonspin DOFs
strongly, leading to the decoherence of the (pseudo)spin
system and reducing the lifetime of (pseudo)spin states
[4,12]. A possible avenue to circumvent this dilemma may
be by getting rid of electronic spin and employing electronic
nonspin DOF to achieve Zeeman-type energy level splitting.

Here, we report a general scheme to realize Zeeman-type
energy level splittings which only involve electronic nonspin
DOF and are controllable by the electric field. In crystals
with nonsymmorphic symmetry elements (e.g., glide plane
or screw axis), the nonspin DOFs of electrons may form a
two-level system in the absence of SOI. Through symmetry
analysis, we demonstrate that electric field can lift the band
degeneracy and cause Zeeman-type energy level splittings
by breaking the specific nonsymmorphic symmetry elements.
Based on first-principles calculations, we propose the tensilely
strained CaTiO3 film as a possible candidate showcasing a
large Zeeman-type energy level splitting of ~124 meV, that
is controllable by the electric field.

II. RESULTS

A. Strategy towards our proposed two-level system

First, let us recall that the electronic energy levels in ma-
terials are generally linked with both spin and nonspin DOFs

©2022 American Physical Society
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FIG. 1. Sketches of crystals with (a) nonsymmorphic screw axis
G, and (b) glide plane b,. The two-dimensional crystals incorpo-
rating A and A" (A”) sublattices are taken as examples. The lattice
vectors of the crystals parallel to x and y orientations are denoted by
a and b, respectively. The C,, symmetry operation first rotates the
system around the twofold axis (red arrow in panel a) then translates
it by %a. The glide plane b, transforms the crystal by a mirror plane
(red dashed line in panel b) followed by a lattice translation of %b.

(see, e.g., Refs. [13—16]). Materials with large SOI or mag-
netism may present dominant spin splitting, the splitting of
electronic spin energy levels. On the contrary, the spin split-
ting in nonmagnetic materials with negligible SOI is expected
to be either null or too tiny to detect. Therefore, the energy
level splitting in such materials is nearly related to nonspin
energy levels. [Note that as a counterpart of spin, nonspin
DOFs in solids were recently found to present some intriguing
features, such as orbital magnetism (see, e.g., Refs. [17,18])].
In the present paper, we aim at realizing a two-level system,
contributed by nonspin DOF, in nonmagnetic materials with-
out the inclusion of large SOI.

Next, we explore the possibility to create and manipu-
late this two-level system. In crystals with nonsymmorphic
space groups, there are several sublattices containing the same
atomic species. Those sublattices together with the corre-
sponding sublattice orbitals are “connected” with each other
by nonsymmorphic symmetry operations, such as screw axes
and glide planes [19]. For example, as sketched in Fig. 1, the
twofold screw axis (respectively, glide plane) establishes the
correlation between A and A’ (respectively, A”) sublattices.
Consequently, the p, orbital of A is, according to symmetry,
related with the p, orbital of A’ by C,,, and with the —Dx
orbital of A” by b,, respectively (Fig. 1). This implies the
additional band degeneracy at a specific k point in the Bril-
louin zone of a nonsymmorphic space group as suggested by
a group theory textbook [19] together with several previous
studies (see, e.g., Refs. [13—16]). If the degeneracy is twofold,
a two-level system will naturally be prepared. Now, we should
find an approach to create and manipulate the Zeeman-type
energy level splitting in this two-level system. To this end, an
electric field may be applied to the material for breaking its
nonsymmorphic symmetry operations. Such symmetry break-
ing probably lifts the twofold band degeneracy by cutting
off the correlation between various sublattice orbitals in the
material.

In the following, we will do symmetry analysis to testify
our strategy, taking the nonmagnetic Pbnm space group as
a platform. The reason why we employ Pbnm is that such
a space group is very common in materials, for example,
more than half of the perovskites adopt such symmetry [20].

TABLE I. The symmetry-protected band degeneracy at various
k points for Pbnm, P2,nm, Pb2;m, and Pbn2, phases. The numbers
“1” and “2” in the table denote the band degeneracy for the spinless
case (i.e., without SOI) at that k point. The y; (i = x, y, z) matrix has
the same form as the Pauli matrix o;. The splitting terms are with
respect to the Pbnm space group.

Pbnm  P2ynm  Pb2ym  Pbn2, Splitting terms
X(1,0,0) 2 2 1 2 L
Y (0, 3, 0) 2 1 2 2 ky¥ys Exys
Z(0,0, 3) 2 2 1 2 k vy, Eyyy
UG3.0,3) 2 2 1 2 Eyx

In particular, we do not include the SOI—the spin-up and
spin-down electrons are, thus, indistinguishable—so that our
Zeeman-type energy level splittings mentioned below involve
only nonspin DOFs.

B. Symmetry analysis

As shown in Sec. I of the Supplemental Material (SM)
[21] (also including Refs. [22-53]), the Pbnm space group
contains the following nonsymmorphic symmetry operations:
SCrew axes ézx, C’zy, CA’ZZ, and glide planes Ex, f1y. Consequently,
the high-symmetric R, S, T, X, Y, Z, and U points in the
Brillouin zone of the Pbnm space group exhibit additional
band degeneracy, which is demonstrated in Tables S2 and S3
of the SM [21]. Such band degeneracies may be destroyed
when polarizing Pbnm materials along the x, y, or z direction.
For instance, the X point is twofold degenerate for Pbnm as
a consequence of screw axis Cy, or glide plane ity (see Table
S3 of the SM [21]), realizing a two-level system. Applying
electric-field Ey (i.e., along the y direction) to Pbnm material
will transform it into the Pb2;m space group, which contains
C‘gy and b, nonsymmorphic symmetry operations instead.
Without the symmetry protection provided by C,, or 1y, the
degenerate energy levels at the X point is split into nondegen-
erate ones, ratifying the Zeeman-type energy level splitting.
Using this logic and according to Table S3 of the SM [21], the
symmetry-enforced energy level degeneracy at X, Y, Z, and U
points for Pbnm, P2ynm, Pb2,m, and Pbn2, are summarized
in Table I and sketched in Fig. 2. We, thus, based on symmetry
analysis, conclude that: (i) applying electric-field E, to Pbnm
or Pb2m can drive the system to P2;nm symmetry, leading to
the Zeeman-type splittings around the Y point [from Figs. 2(a)
or 2(e) to 2(b)]; (ii) electric-field E, induces the Zeeman-type
splittings around the X, Z, and U points, by driving the system
from Pbnm or P2inm to Pb2;m [from Figs. 2(a) or 2(c) to
2(d)]; and (iii) polarizing Pbnm along the z direction will not,
on the other hand, create Zeeman-type splittings at the X, Y,
Z, or U point. Furthermore, the electric field may also split
the energy levels at R, S, and T points. However, even though
the materials are polarized to the P2,nm, Pb2,m, or Pbn2,
space group, the bands at R, S, and T points are, at least,
twofold degenerate. That is, the electric field cannot fully split
the bands at the R, S, or T point. The band structures around
these three k points are, thus, not of interest and will not be
discussed in the following text.
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FIG. 2. Sketches of the band dispersion, around the X, Y, Z, and
U points, for materials with Pbnm, P2,nm, and Pb2;m space groups.

C. Model analysis

Moving away from the high-symmetric X, Y, Z, or U point
possibly lowers the symmetry of the k point, giving rise to
additional band splittings. To describe the band structures
around the X, Y, Z, and U points, a straightforward way
is to construct the two-band effective k - p Hamiltonian. As
shown in Table I, we use the 2 x 2 matrix y; (i =x,y,2)
to capture the nonspin DOF of electrons in the Pbnm space
group since the band degeneracy at these k points is at most
twofold. The band splitting terms up to first order in k are
summarized in Table I. Let us concentrate first on the U point
with the Zeeman-type splitting term given by §E,y, (§ being
a coefficient). Two eigenvalues —£E, and £E, result from
such a term with their eigenstates denoted by 4 and v,
respectively. Here, ¥4 and v, states span a two-dimensional
Hilbert space that bears resemblance with the spin-% electron.
When switching the electric field to —E,, the two eigenen-
ergies are still —&E, and £E, but now associated with v
and v, states, respectively. This is similar to the Zeeman spin
splitting B;o;—appearing in materials under magnetic-field B;
(i =x,y,z), where o; is the i component of the Pauli matrix
[54]. We coin here this type of splitting as the Zeeman-type
energy level splitting of the first kind. Similarly, a first kind
Zeeman-type splitting also occurs around the X (along k,
and k;), Y (along k, and k), and Z (along k. and k,) points,
as driven by the E,y, or E,y, splitting terms. Furthermore,
there are also band splittings (i.e., k. )y, k, ¥y, or k;y,) without
involving the electric field when k is away from X, Y, or Z
points. We call these splittings the Rashba/Dresselhaus-type
energy level splittings since they are reminiscent of the linear
Rashba/Dresselhaus spin splittings [55,56] in noncentrosym-
metric semiconductors. In the presence of electric field E,
or Ey, the Zeeman-type energy level splittings (e.g., E,y, or
E.y,) can be superimposed on the Rashba-/Dresselhaus-type
energy level splittings (e.g., k;iyy, i = x,y, 2). Such a mixture
of Zeeman-type and Rashba-/Dresselhaus-type splittings is

denoted here as the Zeeman-type energy level splitting of the
second kind.

Furthermore, our models can readily be generalized to
ferroelectric phases with P2;nm or Pb2;m symmetry, if we
interpret electric field E; or E, as electric polarization Py
or P,, respectively. For instance, the Zeeman-type splitting
term around the U point for the Pb2;m phase now reads
&P,y,. Switching the polarization by electric field, therefore,
manipulates the two-level states. As shown in Figs. 2(b)-2(e),
switching from P2;nm to Pb2m (respectively, from Pb2,m
to P2;nm) leads to the first or second kind of Zeeman-type
energy level splittings around the X, Z, and U points (re-
spectively, Y point). Such features allow an interesting avenue
towards the nonvolatile ferroelectric manipulation of Zeeman-
type energy level splittings in ferroelectrics adopting both
Pb2ym and P2;nm phases. By the wording nonvolatile, we
mean that the energy band status created by the electric field
can be persistent even when the electric field is removed.

D. Strained CaTiO; film as a candidate

We next propose a real material not only to corroborate
our aforementioned symmetry and model analysis, but also to
provide opportunities (e.g., material support) for the design of
devices utilizing the electric control of Zeeman-type energy
level splitting. We select the nonmagnetic perovskite CaTiO3
material as our test bed. In particular, CaTiO3 does not contain
elements with large atomic numbers, and the SOl is, therefore,
expected to be weak. Promisingly, at some tensile strains, the
epitaxial CaTiOs thin film was predicted to be a ferroelec-
tric semiconductor with a P2;nm ground state and a Pb2\m
metastable phase [57]. Our SM [21] provides results of first-
principles simulations that basically reproduce the findings of
Ref. [57] (see Sec. III.1 of the SM [21]). We also predict that
an electric-field E, of ~2.9 MV /cm will induce a transition
from P2;nm to Pb2ym, whereas an E, of ~2.0 MV /cm will
generate the backwards transition (see Sec. II.2 of the SM
[21]). Using the first-principles technique, we further compute
the local band structures around the U, X, Y, and Z points,
along k., k,, and k, directions. In particular, we select two
bands in the vicinity of the valence-band maximum for anal-
ysis as shown in Fig. 3 of the Main Text and Fig. S4 of the
SM [21]. Our k - p models, incorporating the effective mass
terms, band splitting terms, and higher-order-in-k corrections
(see Sec. II of the SM [21]), reproduce the first-principles
band structures quite well at small k. In particular, around the
U point, the bands are twofold degenerate along the k,, k,,
and k, directions in the P2nm phase as consistent with our
aforementioned symmetry analysis. When switching to the
Pb2;m phase (by, e.g., applying E), the first-kind Zeeman-
type energy level splittings occur around the U point as
correctly predicted by our model with the splitting magnitude
being about 124 meV. Such a splitting is comparable to the
spin splitting value in, e.g., diluted magnetic semiconduc-
tors Zngg9sMnggsTe, in the presence of a magnetic field of
~10T [58]. Finally, the Zeeman-type energy level splittings
around the X, Y, and Z points are also confirmed by our first-
principles calculations and are discussed in details in Sec. IIL.3
of the SM [21]. In particular, when transiting the phase Pb2m
back to P2,nm, (by, e.g., the application of E,), the first-kind
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FIG. 3. The local band structures of P2,nm and Pb2,m phases
of CaTiO; around the U point. The band structures calculated by
first-principles and fitted by our model are shown as red lines and
blue lines, respectively. The Fermi-level Ey is set as the valence-band
maximum.

Zeeman-type energy level splittings appear along the k, and
k, directions, whereas the second-kind Zeeman-type splitting
happens along k, (see Fig. S4 of the SM [21]) both around
the Y point, once again consistent with our symmetry analysis
provided above.

III. OUTLOOK

So far, we have proposed a mechanism to achieve in
nonsymmorphic space groups a two-level system, which is
spanned by electronic nonspin DOFs. In particular, our anal-
ysis reveals the crucial role of breaking the nonymmorphic
symmetry elements (by electric field) towards the electri-
cally controllable Zeeman-type energy level splitting. As a

result, we can generalize our approach to the 157 nonsymmor-
phic space groups known in condensed matter. Our proposal,
therefore, offers a wide spectrum of materials to select for
designing devices based on electronic nonspin DOFs. For
example, researchers may employ the Materials Project [41]
or the ICSD [59] databases to select the already-synthesized
materials with nonsymmorphic space groups for such a de-
sign. Other compounds with nonsymmorphic space groups
and electric-field-driven Zeeman-type energy level splittings
can also be predicted by structural prediction techniques [60],
such as CALYPSO [61].
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