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The spin-orbital-entangled Kramers doublet, known as the Jeff =1/2 pseudospin driven by large spin-orbit
coupling (SOC), appears in layered iridates and α-RuCl3, manifesting a relativistic Mott insulating phase. Such
entanglement, however, seems barely attainable in 3d transition metal oxides, where the SOC is small and the
orbital angular momentum is easily quenched. Based on the density functional theory calculations, we report
the CuAl2O4 spinel as the possible example of a Jeff =1/2 Mott insulator in 3d transition metal compounds.
With the help of strong electron correlations, the Jeff =1/2 state can survive the competition with an orbital-
momentum-quenched S=1/2 state in the d9 configuration of CuO4 tetrahedron. From the dynamical mean field
theory calculations, the electron-addition spectra probing unoccupied states are well described by the jeff =1/2
hole state, whereas electron-removal spectra have a rich multiplet structure. The fully relativistic entity found in
CuAl2O4 provides new insight into the untapped regime where the spin-orbital-entangled Kramers pair coexists
with strong electron correlation.

Transition metal oxides exhibit various competing phases
and exotic phenomena depending on how they react to the
rich degeneracy of the d-orbital.1–3 Spin-orbit coupling (SOC)
reduces this degeneracy in a unique way by providing a spin-
orbital-entangled ground state. In particular, the spin-orbital-
entangled Jeff =1/2 Kramers doublet has emerged in the 4d
and 5d transition metal compounds with the t52g configura-
tion due to a large atomic spin-orbit coupling (SOC) assisted
by moderate electron correlation.4–8 A variety of novel phe-
nomena has also risen from the Jeff =1/2 state, including a
5d analogue to high T c cuprate in a square lattice,9,10 topo-
logical insulators,11,12 the Kitaev model,6,8,13–15 Weyl semi-
metals,16 axion insulators,17 and so on.18 It is interesting to
ask how the spin-orbital-entangled state behaves under strong
electron correlation.19 However, this question remains hypo-
thetical, simply because no transition metals can possibly pos-
sess both large SOC and strong electron correlation simul-
taneously. If we take large SOC strength as a prerequisite
for the spin-orbital entanglement in the t52g configuration,20

the intriguing strongly correlated Jeff=1/2 state in real ma-
terials seems impractical. The Co2+ environment has been
suggested as a promising candidate for the strongly correlated
spin-orbital-entangled state ,21,22 but it is yet to be confirmed.

A simple atomic t52g model, in which five electrons occupy-
ing the triply degenerate t2g-orbital are under strong Coulomb
interactions, can give a hint of how to realize the strongly cor-
related Jeff=1/2 state, even with small SOC. A nonzero SOC
within the atomic t52g model favors the Jeff=1/2 doublet as its
ground state.23 Instead of considering the complicated multi-
plet structure composed of five electrons, the single hole in the
atomic t52g model is represented by a simple non-interacting
Hamiltonian that reads H = λleff · s + ∆(lzeff)2, where λ is
the atomic SOC and ∆ is the tetragonal crystal field induced

by Jahn-Teller distortion. Note that hereafter jeff , leff , and s
(Jeff , Leff , and S) stand for single-particle (multi-particle) to-
tal, orbital, and spin angular momenta, respectively. The low-
est eigenstate of the single hole is Kramers doublet, written
as

|ψ±〉 =
√
α|lzeff = 0〉|±〉+

√
1− α|lzeff = ±1〉|∓〉, (1)

where |lzeff = 0〉 = |dxy〉, |lzeff = ±1〉 = − 1√
2
(i|dzx〉±|dyz〉),

and |±〉 denotes the spin-1/2 spinor.8 Once Jahn-Teller distor-
tion is dominant (∆ � λ), the orbital degeneracy is lifted,
and the orbital angular momentum is quenched; thus, we
end up with the spin-only S=1/2 state (α=1) accompanied
by the symmetry-lowering tetragonal distortion, which fre-
quently occurs among 3d transition metal oxides. In the
strong SOC limit or small Jahn-Teller limit, the spin-orbital-
entangled Jeff=1/2 state (α=1/3) arises while preserving the
cubic symmetry. When the atomic t52g is embedded in a crys-
tal, two limiting solutions are possible due to the competi-
tion between the Jahn-Teller distortions and SOC [Fig. 1(a)].
Therefore, strong electron correlation and the narrow band-
width of d-orbitals in cubic environment are a simple recipe
for the crystalline realization of the atomic t52g model, and
thus, for the strongly correlated Jeff=1/2 state.

In this article, we report the density-functional-theory
(DFT) and dynamical mean-field theory (DMFT) calculation
results to demonstrate that the CuAl2O4 spinel represents the
strongly correlated Jeff=1/2 Mott phase by hosting the crys-
talline version of the atomic t52g model. Spin-orbital entangle-
ment in this weak SOC limit is ascribed to the tetrahedrally
coordinated t52g in the isolated CuO4. Because t2g-orbitals
are not directed to the ligands in tetrahedra, the weak d-p hy-
bridization in CuO4 reduces the energy gain from the Jahn-
Teller distortions and makes the quenching of the orbital an-
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FIG. 1. (a) Two possible ground states from the competition be-
tween Jahn-Teller distortion (∆) and spin orbit coupling (λ), result-
ing in Jeff=1/2 and S=1/2 states, respectively. (b) The crystal struc-
ture of CuAl2O4. The grey, light blue, and black spheres represent
Cu, Al, and O atoms, respectively. The Cu atoms surrounded by the
O tetrahedron form a diamond lattice. (c) The atomic energy level
diagram of the Cu2+ ion in the tetrahedral crystal field.

gular momentum unlikely. And disconnected tetrahedra re-
duce the bandwidth of 3d-orbitals, approaching the atomic
t52g limit. Cooperating with large electron correlation, the
Jeff=1/2 ground state from the Leff=1 orbital and S=1/2 spin
angular momenta are stabilized even with the small strength
of the bare SOC λ0 (∼50 meV) of Cu d-orbitals. In the
strongly correlated Jeff=1/2 state, many-body multiplets and a
one-particle state appear concurrently in the hole and electron
excitation spectra of CuAl2O4, respectively.

Our total energy and electronic structure calculations
were based on DFT within the PBEsol functionals,24 as
implemented in Elk code.25 Brillouin zone integrations were
performed using 6×6×6 grid sampling; the basis size was
determined by RKmax=9.0. We fully optimized the structure
with the force criterion of 5×10−4 eV/Å. The simplified rota-
tionally invariant DFT+U formalism by Dudarev et al.26 was
adopted in the DFT+U+SOC calculations. For the magnetic
structure, we employed a collinear Néel antiferromagnetic
order in which the moments were aligned along the c-axis.

U-λ phase diagram.— CuAl2O4 is one of the rare normal
spinel cuprates with Cu2+ at the tetrahedral site [Fig. 1(b)].
Recent structure analysis from x-ray and neutron powder
diffraction data confirmed that it shows the cubic symmetry
with c/a =1 (space group Fd-3m, no. 227).27 In these spinel
cuprates, the well-isolated CuO4 tetrahedra form a diamond
lattice. In the cubic crystal field of ligand tetrahedra, the d9

electrons in the Cu2+ ion fully occupy the eg-orbitals, leav-
ing a single hole in the t2g subshell [Fig. 1(c)]. There is no
common oxygen shared by the neighboring CuO4 tetrahedra.
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FIG. 2. Phase diagram of CuAl2O4 from density functional theory
calculations. (a) The phase diagram as a function of Coulomb
interaction (Ū ) and spin-orbit coupling (λ). (b),(c) Total energy
curve vs c/a with (b) varying Ū , fixed λ and (c) varying λ, fixed Ū .
Different symbols of each energy curve indicate the corresponding
parameters set in the phase diagram (a). Colour schemes denote α
values for given solutions.

This drives the system closer to the atomic t52g limit, with
a small d-orbital bandwidth and strong electron correlations.
The small energy gain from the Jahn-Teller distortion of the
tetrahedron cage makes CuAl2O4 a promising candidate to
host the Jeff=1/2 state in 3d transition metal oxides.

We explored the DFT phase diagram of CuAl2O4 by plot-
ting α defined in Eq. (1) as a function of Ū and λ [Fig. 2(a)].
For the given value of Ū and λ, we investigated the global
minimum solution by varying volume V and tetragonal distor-
tion c/a. α has been extracted from the muffin tin orbital basis
of a single hole wavefunction. The phase diagram is divided
into blue and green regions that correspond to the spin-orbital-
entangled Jeff=1/2 (α ∼1/3, c/a ∼1) and the Jahn-Teller dis-
torted S=1/2 (α ∼1, c/a <1) states, respectively. The com-
petition between SOC and Jahn-Teller distortion results in the
separation of two distinct solutions. As correlation strength
increases, the phase boundary shifts toward the smaller λ,
demonstrating that the SOC is enhanced effectively by elec-
tron correlation28,29 and the cubic Jeff=1/2 state is stabilized.
In Fig. 2(b), the total energy curves are depicted with a fixed
value of Ū (=7 eV) and varying λ. For small SOC, two local
minima appear in the total energy curves at c/a ∼ 0.93 and
c/a ∼ 1, corresponding to the S=1/2 and Jeff=1/2 states, re-
spectively. For nominal SOC strength (λ/λ0=0.4), the S=1/2
state at c/a=0.93 has the lowest energy. Increasing λ stabi-
lizes the local minimum at c/a ∼ 1 and simultaneously desta-
bilizes the one at c/a < 1 , leading to a discontinuous tran-
sition of the energy minimum from tetragonal S=1/2 to cubic
Jeff=1/2 states. Similar behavior occurs in the total energy
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curves with a fixed λ (=λ0) and varying Ū ; increasing Ū also
tends to make the Jeff=1/2 state more stable than the S=1/2
state (Fig. 2c). The strong electron correlation helps the small
SOC of the Cu d-orbital to overcome the Jahn-Teller distor-
tion, enabling the spin-orbital-entangled ground state.

A reasonable value of the correlation strength could be es-
timated by Cococcioni’s linear response approach.30 In this
approach, the response function is χ = ∂n

∂µ where µ is the po-
tential shift and n is the number of electrons on Hubbard atom.
The effective interaction parameter Ū can be obtained by in-

verting the self-consistent response function and subtracting
out the bare (non-interacting) response:

Ū = (χ−1
0 − χ−1) (2)

We obtained Ū ∼ 9 eV for Cu 3d-orbitals within this for-
malism. From the phase diagram, critical value of Ū for the
Jeff=1/2 state is about 6 eV, thereby, the Jeff=1/2 state could
be a plausible ground state of CuAl2O4.
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FIG. 3. DFT total energy landscape and two competing phases. (a) Total energy landscape as a function of V/Vexp and c/a with U=7eV
and λ/λ0=1. (b),(c) Band structure and projected density-of-states (PDOS) for (b) V/Vexp=1.0025 and c/a=1.00 and (c) V/Vexp=0.970 and
c/a=0.93, corresponding to Jeff=1/2 and S=1/2 states, respectively.

Total energy landscape.— For Ū=7eV and λ/λ0=1, we
have investigated the total energy landscape as a function
of V/Vexp and c/a. As shown in Fig. 3(a), the only stable
(and thus global) minimum solution occurs at V/Vexp=1.0025
and c/a=1, whose structural properties are consistent with
the previous experimental results.27 The electronic structure
and projected density-of-state (PDOS) at V/Vexp=1, c/a=1
is shown in Fig. 3(b). In the band structure, the unoccu-
pied band above the Fermi level can be perfectly projected
onto the jeff=1/2 doublet with α=0.32. Since the unoccu-
pied state in the t52g configuration basically represents a sin-
gle hole, the electron-addition spectra are well described by
the spin-orbital-entangled doublet. On the other hand, the
electron-removal spectra form a many-body multiplet struc-
ture, resulting in the mixture of jeff=1/2 and 3/2 components
in the PDOS plot. This differs from the common expectation
for the weakly correlated Jeff=1/2 state, for example, realized
in Sr2IrO4. The multiplet effects appearing in the electron
spectrum of CuAl2O4 become clear in the DMFT calculations
shown later.

Even though there is no other stable solution, the total
energy landscape interestingly suggests that a possible
Jahn-Teller distorted S=1/2 state might be stabilized under
high pressure. At higher pressure, the Cu-O bond length gets
shorter, giving rise to larger crystal field splittings induced
by Jahn-Teller distortions. By constraining the volume
decreased by 3%, the S=1/2 state at c/a=0.93 has a lower

energy than the Jeff=1/2 state at c/a=1. Therefore, the two
distinct Jeff=1/2 and S=1/2 phases can be realized with the
same sample by applying pressure values of experimentally
accessible range. The electronic structure of the Jahn-Teller
distorted S=1/2 state at V/Vexp=0.97, c/a=0.93 is shown
in Fig. 3 (c). Due to the large tetragonal distortion, the
single hole spectrum of the unoccupied t2g bands is mostly
composed of dxy-orbital with α=0.89.

DMFT calculations.— We also conducted DMFT calcula-
tions on top of the DFT-based Wannier Hamiltonian to clar-
ify how robust the Jeff -ness is under quantum fluctuations.
Maximally localized Wannier functions31 were obtained from
the DFT full Cu 3d+oxygen 2p bands in the absence of U
and SOC. As such, SOC and the rotationally invariant local
Coulomb interaction at each Cu ion were treated by DMFT,
where the double counting correction was applied using the
fully localized limit scheme.32 The correlations involving eg-
orbitals were calculated by the Hartree-Fock approximation
and the oxygen orbitals were assumed to be noninteract-
ing.33,34 We employed the exact diagonalization (ED)35 as an
impurity solver for the zero-temperature DMFT calculations.

We present the DMFT spectral function and PDOS in
Fig. 4(a) for a realistic parameter set (U=8 eV, JH=1 eV, and
λ=50 meV). First of all, we note that the strong jeff=1/2 hole
character is also manifested in the DMFT calculation, indi-
cating that the Jeff=1/2 state is stable with respect to local
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FIG. 4. Multiplets in dynamical mean field theory (DMFT) cal-
culations. (a) Spectral weights and PDOS from DMFT calcula-
tions for U=8 eV, JH=1 eV, λ=0.05 eV. While the spectral gap is
roughly proportional to U , the splitting of the hole spectra below
the Fermi level depends on λ and JH. Schematic illustration of the
single-electron/hole excitation spectra from (b), the strongly corre-
lated (JH � λ) and (c), the weakly correlated (JH < λ) Jeff=1/2
ground state. In (c), ∆H = 3JH/2 is used for simplicity.

quantum fluctuations. The states below the Fermi level ex-
hibit an additional dynamic weight transfer originating from
multiplets focusing on the t2g manifold just below the Fermi
level; the lowest t52g → t42g excitation spectra show a mixture
of jeff=1/2 and 3/2 characters. This reveals a unique signa-
ture of the strongly correlated Jeff=1/2 state obeying the LS-
coupling scheme, which is distinct from the weakly correlated
counterpart such as Sr2IrO4 close to the jj-coupling regime.

The weight distribution can be understood by the atomic t52g

model with dominating Hund’s coupling JH � λ in Fig. 4(b).
In the atomic model, the lowest peak below the Fermi level is
composed of three overlapping sub-peak structures, denoted
by 3P0,

3 P1, and 3P2. Each sub-peak is categorized by ei-
ther jeff=1/2 (3P0) or jeff=3/2 (3P1,

3 P2); the mixture of the
jeff=1/2 and 3/2 components in the lowest hole excitation
shows the close correspondence between the DMFT spectral
function and the atomic multiplet description. (This behaviour
becomes even clearer in an independent t2g-only DMFT cal-
culation, excluding the eg and oxygen contribution as shown
in Supplementary Information.) The uniqueness of the excita-
tion spectra is further highlighted by comparison with the case
of iridates. We investigated the t52g atomic model with a strong
SOC regime (λ > JH) in Fig. 4(c) that can be compared to
the Jeff=1/2 state in 5d iridates.4 In this strong SOC regime
closer to the jj-coupling scheme, electron removal spectra
exhibit two prominent peaks, clearly separated by the large
SOC and categorized by jeff=1/2 and jeff=3/2 character, re-
spectively. This feature is reflected in the previous experimen-
tal and theoretical reports in Sr2IrO4,4,20,36–38 where the DFT

single-particle band structure provides a reasonable descrip-
tion given that multiplet effects are less important in this pa-
rameter range. (See Supplementary Information for the hole
excitation spectrum of the atomic t52g model over the whole
parameter range.)

Under the cubic symmetry, the SOC puts a single hole in
the t52g configuration into the jeff=1/2 state to lower the en-
ergy and therefore the ground state becomes Jeff=1/2. As a
result, the Jeff=1/2 ground state is represented by the unoc-
cupied jeff=1/2 state in the band structure. But the occupied
spectrum of the Jeff=1/2 states in jj- and LS-coupling regime
behave very differently from each other. In the jj-coupling
scheme (λ > JH ), the occupied states are well described by
the single particle picture. Then we can see the clear sep-
aration between jeff=1/2 and jeff=3/2 states of the occupied
bands as previously shown in iridates. On the other hand,
however, the single particle description is no longer valid in
the LS-coupling scheme (λ � JH ) to explain the occupied
spectrum, and thus t42g multiplet structures are inevitable. This
is the uniqueness of the newly emerging “strongly correlated”
Jeff=1/2 state of CuAl2O4 in which the occupied spectrum is
governed by the LS-coupling scheme.

Recently, Nirmala and coworkers reported the magnetic
susceptibility as well as heat capacity data and found no sig-
nature of long range magnetic order down to 0.4 K. The
DMFT calculations show a genuine Mott insulator without
breaking the time-reversal symmetry, whereas the DFT solu-
tion requires symmetry breaking to open a gap in the prim-
itive unit cell calculations. Although the copper network in
CuAl2O4 has a bipartite structure, the paramagnetic ground
state persists in the DMFT results. The hole weights are
equally distributed in the Kramers pair in Eq. (1) for the en-
tire parameter range considered in this DMFT study. Even
if we apply a small staggered magnetic field to stabilize an
antiferromagnetic order, the magnetic moment quickly dis-
appears as soon as the staggered field is turned off. The
suppression of magnetic order may arise from frustration ef-
fects, stemming from larger second-neighbor hopping ampli-
tudes than nearest-neighbor ones.39(See Supplementary Infor-
mation.) The origin and nature of the nonmagnetic Mott phase
of CuAl2O4 are beyond the scope of the present work. Given
the possibility of being extended to the Jeff=1/2 spin glass or
liquid phase, however, the lack of long-range magnetic order
is of great interest, requiring further study.

Remarks.— A sizable amount of the site disorder between
Cu and Al has been recently reported in powder samples of
CuAl2O4.27 To check the robustness of Jeff=1/2 picture under
disorder, we performed the DFT calculation with containing
50% site disorder (see Supplementary Information). Even un-
der the maximal disorder, the single hole at the tetrahedral
Cu site preserves the jeff=1/2 character. As shown in Sup-
plementary Information Fig. 5S, two separated bands appear
above the Fermi level, which correspond to the unoccupied
Cu d-orbitals from each tetrahedral and octahedral site. The
lower band is perfectly projected onto the jeff=1/2 state in the
tetrahedral site, whereas the higher one comes from the eg

state in the octahedral site. It indicates that the localized un-
occupied states in each tetrahedral and octahedral site behave
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almost independently, indeed manifesting the Jeff -ness of the
tetrahedral Cu2+ even with the significant amount of disorder.
To understand spin glass behaviour shown in the powder sam-
ple, magnetic interactions under the mixture of tetrahedral site
Jeff=1/2 and octahedral site eg states should be studied.

Conclusion.— We have shown the theoretical evidences
that CuAl2O4 spinel is a strongly correlated Jeff=1/2 Mott
insulator. The first-principles total energy calculations
reproduce the previous X-ray data reporting cubic structure
of CuAl2O4. And its band structure clearly shows that the
unoccupied band is well characterized by the jeff=1/2 state.
The DMFT calculations uncover the uniqueness of excitation
spectra of a strongly correlated Jeff=1/2 Mott phase in

CuAl2O4, realizing a Jeff=1/2 state in the LS-coupling limit.
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