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The Zeeman effect lowers the energy of electrons with spin states which are anti-parallel to the
applied magnetic field but lifts that of spin parallel states. In quantum spin liquids where the spin
and charge degrees of freedom are fractionalized, anomalous Zeeman response may be expected. In
the case of spin liquids with spinon Fermi surface, the threshold energy to excite an electronic state
is found to exhibit no Zeeman shift. This is specific to the spinon Fermi surface case. In contrast,
other gapped spin liquids are expected to exhibit the standard Zeeman shift at the band edge even
though they also exhibit spin-charge fractionalization. When gauge field fluctuations are included,
we find that the Zeeman shift of the electronic states gets affected by the gauge field induced binding.
In the electronic density of states spectra, weak gauge binding induces band edge resonance peaks
which exhibit the Zeeman shift in the same direction as that in the standard Zeeman effect, but the
shift is reduced as the binding potential increases. With further increase in the binding potential the
resonance becomes true in-gap bound states and eventually the Zeeman shift direction reverses so it
is opposite to the standard Zeeman effect. We propose that one can perform spin polarized scanning
tunneling microscope measurements as a test of the spinon Fermi sea ground state in quantum spin

liquid candidate materials.

I. INTRODUCTION

The Zeeman response of an electronic state to an ex-
ternal magnetic field is well understood since the estab-
lishment of quantum mechanics!'®. In the standard Zee-
man effect, the Zeeman coupling between the electron’s
spin and an external magnetic field shifts the electronic
energy?? in a direction which depends on the spin ori-
entation: electrons with spins parallel to the magnetic
field have the energy shifting up while those with spins
anti-parallel have the energy shifting down. This stan-
dard picture assumes that the electron carries both the
charge and spin.

In modern condensed matter physics, it is known that
strong electronic correlations can give rise to exotic states
of matter such as quantum spin liquid (QSL)**, where
the spin degree gets deconfined®?. In a QSL, a physical
electron undergoes spin-charge separation and is fraction-
alized into a chargon and a spinon™M. A chargon is
a charged boson that carries the electric charge, while
a spinon is a charge neutral fermion that carries spin-
1/2. One particularly important QSL is the QSL with
spinon Fermi surface (SFS)* 12 The QSL with SFS is
a charge insulator but has gapless itinerant spinon exci-
tations from the SFS. In the QSL with SFS, since an elec-
tron is a composite particle with the constituent spinon
and chargon spatially separated, it becomes intriguing to
see how the electronic Zeeman response in the QSL with
SFS can differ from the response in the standard Zeeman
effect.

In this work, we show that the electrons in the QSL
with SFS exhibit anomalous Zeeman response in three
aspects: 1) the Zeeman field has no effect on the thresh-
old energy to excite an electron or a hole in the QSL; 2)
the gauge field fluctuations reduce the Zeeman shift of

the quasi-bound spinon chargon pairs; 3) strong gauge
field fluctuations can induce in-gap bound state™®4 in
the QSL and the Zeeman field shifts the bound state en-
ergy in the direction opposite to that in the standard
Zeeman effect. In the QSL, the Zeeman field only cou-
ples to the spinons, but the electronic Zeeman response
requires the consideration of the constituent spinon and
chargon as a whole. We will show that such internal com-
posite structure of electrons along with the spinon Fermi
sea ground state in the QSL gives rise to the anomalous
electronic Zeeman response.

The QSL phase is one of the most fascinating states in
the condensed matter due to its potential to host various
exotic quantum phemonenon® ™57 Recently, a series
of Mott insulators!®2% have been proposed as the can-
didates to host the QSL phase, but conclusive evidence
has yet been arrived in spite of the intensive experimen-
tal investigations2® %2, Here, based on the newly discov-
ered anomalous electronic Zeeman response in the QSL
with SFS, we propose to use a spin polarized scanning
tunneling microscope (STM) to detect the spinon Fermi
sea ground state in the QSL candidate materials. In the
electronic DOS spectra, we emphasize that the absence
of Zeeman shift of the threshold energy provides strong
evidence for the existence of the SFS.

II. ABSENCE OF ZEEMAN SHIFT IN THE
THRESHOLD ENERGY

Our analysis of the electronic Zeeman effect in the QSL
with SFS starts from the slave rotor mean field Hamilto-
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FIG. 1: (a) The schematic showing of the spinon, holon and
doublon bands in the QSL. The shaded region in the spinon
band represents the Fermi sea filled by the spinons. The filled
blue and red circles denote the spinons and doublons respec-
tively, while the empty blue and red circles are the antispinons
and holons respectively. The dashed blue rectangle demon-
strates the Zeeman field induced energy shift of the spinon
band. (b) The schematic plot of the QSL electronic DOS
spectra. The antispinon holon pairs and the spinon doublon
pairs are the states in the LHB and UHB respectively. The
spinons and chargons are coupled through the emergent U (1)
gauge field that is represented by the purple wavy lines. (c)
The spin up electronic DOS calculated in a triangular lattice
given different Zeeman fields. The Zeeman field has no effect
on the threshold but changes the Hubbard band widths. (d)
The electronic DOS of a band insulator. The blue lines de-
note the case of B = 0T while the red dashed lines show the
standard energy shift of u, B induced by a finite Zeeman field
applied on the spin up electrons. Here w denotes the energy
and A is the charge gap.

nian of the QSL33.:

Hoy = Zﬂc (afkaT_k + b};bk) + ZEa,k ;k,fcr,ka (1)
k k,o

where a(j,)c, bgr) and fﬁ,)c are the annihilation (creation)
operators for a holon, doublon and spinon respectively.
Here the holons and doublons carry the charge +e re-
spectively and they are the nonrelativistic approxima-
tion to the chargons*!. The chargon band is €. The
index ¢ =1 / | denotes the spin. The spinon bands
are Iy . Taking into account the spinon chemical po-
tential py, we define &, = Egr — py. Since py does
not change with magnetic field to linear order, a finite
magnetic field B = (0,0, B) changes the spinon band
dispersions to &/ x = &k & %g,ubB, where g = 2 is the
Landé g factor and uy, is the Bohr magneton. In the QSL
with SF'S, the spinon chemical potential 17 lies inside the
spinon bands, so the spinon states below p ¢ all get filled
as indicated in Fig. |1} (a). The resulting ground state

is the Fermi sea of spinons: [G) = [, ¢ , <o fTkaIk |0).
The chargon band has a gap A = min [eg], so the holon

branch and the doublon branch are separated in energy
as can be seen in Fig. [1] (a).

In the QSL, annihilating a spinon and creating a holon
results in the excitation of a hole state, while creating a
spinon along with a doublon leads to the creation of an
electron. At zero temperature, the energy cost to ex-

cite a hole is <G|a—k/f;k (HO - #fo> fomal . |G) —

(G|Ho — pyNy|G) = —&op + e with {op <
0. Similarly, the energy cost to excite an elec-
tron is (G| by fou (Ho — s Ny ) 10l 1G) = (Gl Ho —
piNp|GY = &k + e with & > 0. Here Ny =
ka ;kfg,k is the spinon number operator. It is clear
that the minimum energy cost to excite an electron or
a hole in the QSL equals to the charge gap A because
the minimum spinon excitation is at the Fermi momen-
tum and cost zero energy. The minimum energy cost to
excite an electron or a hole in the QSL is defined as the
threshold energy.

In a finite magnetic field, the Zeeman coupling lifts
the spinon band of parallel spin as schematically shown
in Fig. [1] (a), while the spinon band of anti-parallel spin
gets lowered. In the region of pu,B < py, the Zeeman
field imbalances the spinon Fermi sea occupation of the
two spin species. The Fermi surface areas of the spin
parallel and anti-parallel electrons become unequal but
the chemical potential is unchanged. Aslong as the Fermi
surfaces of the two spin species exist inside the charge
gap, the threshold energy always equals to A regardless
of the spin orientations.

In the energy range beyond the threshold energy, ex-
citations of antispinon holon pairs and spinon doublon
pairs generate the continuum spectrum of the lower Hub-
bard band (LHB) and the upper Hubbard band (UHB)
respectively in the electronic DOS spectra, which is
schematically shown in Fig. [1] (b). The LHB top and
the UHB bottom denote the threshold to create a physi-
cal electronic excitation. Since the Zeeman field does not
change the threshold energy, no shift is expected for the
threshold in the QSL electronic DOS spectra.

To wverify the absence of Zeeman shift in the
threshold energy analyzed above, we perform a cal-
culation on the QSL electronic DOS in a triangu-
lar lattice. The band dispersions of the spinon
band and the chargon band are taken to be & =

—2t (2cos%kxacos @kya+coskxa> — py and € =

—2tx (2 cos %kza cos @kya + cos kpa — 3) + A respec-
tively. Here a is the lattice constant and the band pa-
rameters are set to be ty = 0.03 eV, tx = 0.02 eV,
A = 0.25 eV and py = 0.025 eV. The QSL electronic
DOS is given by p, (w) = —Q%Vﬂ D kb ImGE (w, k, k'),
where 2 denotes the sample area and N is the number of
lattice sites. Here the electronic retarded Green’s func-



tion G® (w, k, k') takes the form??

GR(w, k, k) =

nr (ok) + 1B () | nr (—&ok) + 1B (€rr)

(2)

with np (§) and ng (¢) being the Fermi and Bose dis-
tribution functions respectively. The resulting spin up
electronic DOS in different Zeeman fields is plotted in
Fig. [1] (c) and the case of spin down can be deduced by
reversing the magnetic field direction. Consistent with
our analysis, the threshold exhibits no shift in the Zee-
man field. Interestingly, the LHB bottom and the UHB
top are observed to shift by upB in the same direction as
that in the standard Zeeman effect. Since the states at
the LHB bottom and the UHB top involve the excitations
of an antispinon at the spinon band bottom and a spinon
at the spinon band top respectively, the observed shift of
the LHB bottom and the UHB top originates from the
Zeeman shift of the spinon band. As a result, in the QSL
with SFS, the Zeeman field has no effect on the threshold
but changes the Hubbard band width. In sharp contrast,
a band insulator has its threshold shifted with the Zee-
man field while the band width does not change, as is
illustrated in Fig. [1] (d).

We note that in a gapped QSL, the spinon spectrum
acquires a gap Ag, so the threshold energy will be at
Ag+ A. In a Zeeman field, the energy gap in the spinon
spectrum shifts in the standard way, so the threshold
energy to excite an electron or a hole also exhibits the
standard Zeeman shift even when there is spin charge
separation and deconfinement in the gapped QSL. Thus
the absence of the Zeeman shift in the threshold is a
unique signature of the QSL with SFS.

III. NAIVE ZEEMAN SHIFT OF THE
QUASI-BOUND SPINON CHARGON PAIRS

The zero Zeeman shift of the threshold in the electronic
DOS spectra shown in Fig. [1f (¢) stems from the electron
fractionalization and the spinon Fermi sea ground state
in the QSL. In this case the fractionalized quasi-particles,
the spinons and the chargons, both couple to an emer-
gent U (1) gauge field*12 and the gauge field fluctuations
in turn affect the electronic DOS. It raises the question
about how the electronic Zeeman response gets affected
by the gauge field fluctuations in the QSL.

At the energy near the Hubbard band edges, the lon-
gitudinal component of the gauge field fluctuations plays
the dominant role** because the small current-current
correlations there make the transverse components neg-
ligible. The longitudinal gauge field fluctuations bring
about the gauge binding interaction#32.
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FIG. 2: (a) The spin up electronic DOS in the QSL with the
gauge binding Uppy (0) = 1. The gauge binding induces band
edge resonance peaks and the resonance peaks exhibit the Zee-
man shift in the same direction as that in the standard Zee-
man effect. The inset is the zoom of the UHB edge resonance
peaks. The threshold remains unchanged in the Zeeman field.
(b) The linear dependence of the UHB edge resonance peak
energy on the Zeeman field. The slope is found to decrease
with the increase of the gauge binding interaction. The black
dashed line denotes the energy shift in the standard Zeeman
effect. (c) The in-gap bound state peaks in the QSL elec-
tronic DOS spectra. The gauge binding is Uppy (0) = 3.5. In
the Zeeman field, the in-gap bound state peaks move in the
direction opposite to that in (a). (d) The reversal of the slope
in (b) as the gauge binding interaction continues increasing.
Here w denotes the energy, A is the charge gap, and B de-
notes the magnetic field along the z direction.

Here U, denotes the gauge binding interaction strength
which we assume to be short range and on-site due to
the screening by spinons. An antispinon tends to bind a
holon to form a hole bound state above the LHB, and sim-
ilarly a spinon tends to bind a doublon to form an elec-
tronic bound state below the UHB. The spinon spinon re-
pulsion from the spin fluctuations®# is not included as we
focus on the QSL electronic state where the combination
of a spinon and a chargon matters. Including the gauge
binding, the QSL Hamiltonian becomes H = Hy + Hiyg
and the electronic DOS reads®:

~ 1 % Zq Gl;io' (w7 k —q, q)
Zlm Un R
k 1_WZth,7g(ka_q7q)
1 R
1 N G o wakf )
I
Qm k 1+WZqu,a(ka_qvq)

with G}} | (w, k, k') and GI, (w, k, k') being the first and
second terms in Eq. resp’ectively.

In a moderate gauge binding of Upps (0) = 1, the
QSL electronic DOS is found to have a pair of resonance
peaks emerging at the Hubbard band edges as shown

) (4)



in Fig. (a). Here the py (0) is the spinon DOS at
the Fermi energy multiplied by €1/N. The rise of the
band edge resonance peaks is interpreted as a pile-up of
spectral weight to the Hubbard band edges induced by
the quasi-bound spinon chargon pairs in relatively weak
gauge binding®®38  Importantly, the threshold in the
electronic DOS spectra in Fig. [2] (a) also exhibits no Zee-
man shift as that in Fig. [1|(c), but the Zeeman field shifts
the band edge resonance peaks in Fig. [2[ (a) in the same
direction as that in the standard Zeeman effect. The shift
inherits from the Zeeman field induced energy shift of the
spinon in the quasi-bound spinon chargon pairs and re-
sembles the standard Zeeman shift, so it is referred to
the naive Zeeman shift. Such naive Zeeman shift applies
generally to the resonance peaks formed from the spinon
chargon pairs inside the Hubbard bands. In the weak
gauge binding regime, the spinon chargon pairs become
quasi-bound, leading to the band edge resonance peaks
in the electronic DOS spectra. In this case the naive Zee-
man shift becomes recognizable. Importantly, the naive
Zeeman shift is found to reduce in magnitude from the
standard Zeeman shift, and the reduction gets stronger
as the gauge binding interaction increases. In Fig. 2] (b),
the energy of the UHB edge resonance peak as a function
of the Zeeman field is plotted given different gauge bind-
ing interactions. The energy shift displays the expected
linear dependence on py, B, but the slope decreases from
1 as the gauge binding interaction increases. The devi-
ation indicates that even in the naive Zeeman shift, the
gauge binding gradually weakens the role of spinon Zee-
man shift in determining the total energy of a spinon
chargon pair.

IV. ANOMALOUS ZEEMAN SHIFT OF THE
BOUND STATES

Since the Zeeman shift of the band edge resonance
peaks is observed to get suppressed by the increasing
gauge binding in the range of 0.6 < Uppy (0) < 1, it be-
comes interesting to check how is the Zeeman shift evolv-
ing given a sufficiently large gauge binding. Surprisingly,
in a strong gauge binding of Uyps (0) = 3.5, the gauge
binding induced peaks in Fig. 2| (¢) are observed to ex-
hibit the Zeeman shift in the opposite direction compared
to that in the standard Zeeman effect. In Fig. 2| (d), the
evolution of the UHB edge peak with the Zeeman field
has its slope continuously decreases to 0, reverses sign
and continue to increase in magnitude as the gauge bind-
ing increases in the range of 1 < Uppy (0) < 5. In the
strong gauge binding regime, such Zeeman shift opposite
to that in the standard Zeeman effect is referred to the
anomalous Zeeman shift.

The anomalous Zeeman shift in the strong gauge bind-
ing regime is due to the interplay between the Zeeman
field and the gauge binding induced energy saving, which
is schematically shown in Fig. |3| (a). Given a sufficiently
large gauge binding, spinons and chargons are bound to
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FIG. 3: (a) A schematic illustration of the Zeeman field effect
on the binding. The upper left panel shows that in the Zee-
man field, more spinon states with parallel spin are available
for injection than those of anti-parallel spin (The black and
the purple arrows represent the anti-parallel and parallel spins
respectively). Since the Zeeman field increases the number of
spinon empty states with parallel spin, the binding energy in
the parallel spin species increases. Given a sufficiently large
Uy, the energy of the bound state with parallel spin gets low-
ered by the Zeeman field. The green wavy line denotes the
binding between a spinon and a chargon. The arrows in the
spinons denote the spin orientations in the magnetic field.
Here the spin quantization axis is set to be along the in-plane
direction. (b) The susceptibility to bind a spin up spinon at
the Fermi surface with a doublon in different Zeeman fields.
The notation u.c. is short for unit cell. Here w, A and B
denote the energy, charge gap and the magnetic field along
the z direction respectively.

form in-gap bound states®®57. The in-gap bound states
are manifested as the in-gap peaks in the electronic DOS
spectra shown in Fig. [2| (¢). In the Zeeman field, due
to the Pauli paramagnetism, the spinon states with spins
parallel to the magnetic field are shifted up in energy, and
there are more empty states available to inject a spinon.
This increases the binding energy, resulting in a down-
ward shift of the bound state energy. Note that this
works only if a large fraction of the unoccupied states
up to the upper band edge participate in binding. It
requires a strong binding interaction comparable to the
bandwidth, which is indeed the case when the bound
state is split off below threshold.

Below we discuss more quantitatively how this anoma-
lous Zeeman shift comes about. Let us take the electronic
bound state below the UHB as an example and the case
of hole bound state above the LHB can be found in the
Supplemental Materiald33, We define the susceptibility
to bind a spinon and a doublon, which is the real part
of the bare electronic Green’s function obtained by con-
volving the spinon and doublon Green’s function®?

1
Xd,o (ka W) = N Z ReGdR,J (UJ, k— q, q) (5)
q

with kg being the spinon Fermi wave vector. Here
the form of the bare Green’s function G5 (w,k — g, q),
which involves no gauge binding, is giveﬁ in Eq. S9 in
the Supplemental Materials®3. In Fig. [3| (b), xa.1 (kr,w)
is plotted given different Zeeman fields. We see that
the susceptibility x4+ (kr,w) is larger for the spinons of



parallel spin compared with those of anti-parallel spin.
When the gauge binding is sufficiently large, the bound
state is solved from the binding equation Upx4,s (d,w) =
183, This is solved graphically by finding the intercept
of x4+ (kr,w) plotted in Fig. (3| (b) with 1/Uy. For suffi-
ciently large Uy, the intercept at w < A gives the bound
state energy. It is clear that the intercept gets a smaller
value for the spin parallel to the magnetic field.

V. CONCLUSIONS AND DISCUSSIONS

In the above sections, the QSL electronic DOS spectra
in a Zeeman field is found to exhibit zero shift for the
threshold energy, naive shift for the quasi-bound spinon
chargon pairs, and anomalous shift for the in-gap bound
states. In experiments which inject unpolarized elec-
trons, the Zeeman splitting of the band edge resonance
or the bound state will be smeared out by the thermal
fluctuations. Therefore to see this effect it will be best
to inject electron with one kind of spin via spin polar-
ized STM3852 In order to suppress the thermal smear-
ing, it is better to carry out the measurement in the
low temperature kpT < B, where kp is the Boltz-
man constant. In practice, one would focus on measur-
ing the threshold, Hubbard band widths and the band
edge resonance peaks. Observation of the zero Zeeman
shift of the threshold, Zeeman field induced change of
the Hubbard band widths, and naive Zeeman shift of the
band edge resonance peaks if any are evidence supporting
the existence of the SFS. If the electronic DOS spectra
as a whole exhibits the anomalous Zeeman shift, then
our study indicates that the spectra is composed of the
bounded spinon chargon pairs. However, it is difficult to
realize this limit, because in this case the bound state will
exhaust a large fraction of the spectral weight, as seen in
Fig. [2| (¢). The local electronic DOS spectrum obtained
by the STM measurements* %2 so far shows either no res-
onance or resonaces with relatively small spectral weight,
therefore favoring the zero gauge binding case in Fig.
(¢) or the weak gauge binding induced band edge reso-

nance scenario in Fig. [2| (b). It is also important to note
that the zero Zeeman shift of the threshold energy serves
to distinguish between the QSL with SFS and a gapped
QSL which is expected to show a conventional Zeeman
shift.

Usually, the effect of magnetic field on materials is two
fold: one is the Zeeman effect and the other is the or-
bital effect. The study of the orbital magnetic field effect
on the QSL with SFS is present in our companion pa-
per3d. The effect of orbital magnetic field is to introduce
the Landau quantization, and the Landu quantizations
in the QSL are characterized by the Hubbard band edge
steps and resonance peaks in the electronic DOS*Z. For-
tunatley, owing to the recent emerging two-dimensional
Mott insulator 1T-TaSey304143l 1 T_NbSe, 40749 and the
surface of the layered 1T-TaS,244%20 one can apply an
in-plane magnetic field as shown in Fig. [3| (a) to get rid
of the orbital magnetic field effect3”. Therefore the two-
dimensional QSL candidate materials with an in-plane
magnetic field are ideal platforms to study the QSL elec-
tronic Zeeman response. Recently, a clear UHB threshold
along with a UHB edge resonance peak has been observed
in the STM spectra on the surface of the layered 1T-
TaSy*2. From our study, a further spin polarized STM
measurement on the evolution of the DOS spectra with
an in-plane magnetic field would be helpful to identify
the ground state on the surface of 1T-TaS;. In many
cases, strong in-plane magnetic field is not available for
STM experiments. In that case it will be instructive to
compare spin injection from STM tip with opposite spin
polarization to isolate the effect of the Zeeman field from
the orbital effectL.
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