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Pressure-induced transition from Jeff = 1/2 to S = 1/2 states in CuAl2O4
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The spin-orbit entangled (SOE) Jeff state has been a fertile ground to study quantum phenomena. Contrary to
the conventional weakly correlated Jeff = 1/2 state of 4d and 5d transition metal compounds, the ground state
of CuAl2O4 hosts a Jeff = 1/2 state with a strong correlation of Coulomb U. Here, we report that, surprisingly,
Cu2+ ions of CuAl2O4 overcome the otherwise usually strong Jahn-Teller distortion and instead stabilize the
SOE state, although the cuprate has relatively small spin-orbit coupling. From the x-ray absorption spectroscopy
and high-pressure x-ray diffraction studies, we obtained definite evidence of the Jeff = 1/2 state with a cubic
lattice at ambient pressure. We also found the pressure-induced structural transition to a compressed tetragonal
lattice consisting of the spin-only S = 1/2 state for pressure Pc > 8 GPa. This phase transition from the Mott
insulating Jeff = 1/2 to the S = 1/2 states is a unique phenomenon. Our study offers an example of the SOE Jeff

state under strong electron correlation and its pressure-induced transition to the S = 1/2 state.

DOI: 10.1103/PhysRevB.103.L081101

Spin-orbit coupling (SOC) and a resulting quantum en-
tangled state have been exciting research areas in condensed
matter physics. Thanks to the extensive studies made over
the past decade or so, it is now well known how SOC gov-
erns the physical properties of 5d transition metal oxides,
particularly iridates [1–3]. Less well known is how this spin-
orbit physics plays out under a strong electron correlation,
i.e., at the regime of considerable Coulomb interaction. This
question of strongly correlated spin-orbit physics seems to
require two self-contradicting conditions. One is a sizeable
SOC, which is inherently preferred for heavier elements like
Ru and Ir [4]. The other is a strong electron correlation, which
is favorable for lighter elements like 3d transition metals [5].
Hence, progress has been painfully slow in this quest despite
much anticipation of rich and exotic physics.

When d orbitals are put under a cubic environment, the
degenerate t2g orbitals have the effective orbital angular mo-
mentum Leff , leading to a spin-orbit entangled (SOE) Jeff state
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[1–3] with the entangled form of the spin and the orbital
wave functions. Due to the partially quenched orbital angular
momentum, the SOE state system has been an excellent play-
ground to promote exotic quantum magnetism. In particular,
the SOE Jeff = 1/2 state can lead to exchange anisotropy—a
bond-dependent Ising type to host the Kitaev model [6–9]. A
Mott insulating phase of the Jeff = 1/2 can be induced by a
delicate balance among bandwidth W, Coulomb interaction
U, and SOC λ [1,2]. As such, there have been reports of phase
transitions induced by changing the balance via controlling
the physical variables such as temperature and pressure in the
systems with the SOE state [10–14].

Most studies on the SOE states have been so far focused
on 4d and 5d transition metal compounds because the strong
SOC (λ = 100–400 meV) [1,2,15,16] has been widely ac-
cepted as the most critical necessary condition to create such
SOE states [17]. However, it is equally interesting to ask
whether SOE states can be stabilized even in 3d transition
metal compounds. Supposing they exist, they are anticipated
to be quite different from those of the conventional Jeff states
of 4d and 5d compounds with the relatively weak correla-
tion (U = 1.5–2 eV) [1,2,15]. In that case, the Jeff states of
3d compounds will retain effects due to a strong correlation
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FIG. 1. (a) The unit cell structure of CuAl2O4. Cu2+ ions are located at the center of the tetrahedra made of four oxygen ions (green balls).
The Al3+ ions are omitted for simplicity. The neighboring tetrahedra do not share a common oxygen ion and are separated from each other.
(b) The ground state of CuAl2O4 at different regimes. (Left-hand side) If λ > �, t2 levels are split into the jeff = 1/2 and jeff = 3/2 states, and
the CuO4 tetrahedron retains its cubic symmetry. (Right-hand side) If λ < �, t2 levels are split into states with fully quenched orbital angular
momentum, and the tetrahedron becomes tetragonally compressed along its local c axis.

(U > 5 eV). Until now, this is a barely explored area of the
phase diagram for different ratios of U and λ [1].

Our previous experimental [18,19] and theoretical papers
[20,21] suggested a cuprate system CuAl2O4 (with Cu2+ in
tetrahedra, having e4t25 electron configuration) as a strong
candidate hosting the Jeff = 1/2 state. As the Cu2+ ion has
the largest U and λ among other magnetic 3d transition
metals [4,5], the cuprate compound would be an excellent
example to introduce the SOE state with a strong correla-
tion. In this paper, using experimental techniques such as
x-ray absorption spectroscopy (XAS) and high-pressure x-
ray diffraction (XRD), we present the definite evidence of
the Jeff = 1/2 state in CuAl2O4 at ambient pressure and
a structural transition to the state with S = 1/2 at high
pressure.

CuAl2O4 has a spinel structure [Fig. 1(a)], where Cu2+

is located at the center of the tetrahedron (A site) [18,19].
Al3+ sits at the center of the octahedra that consists of six
neighboring oxygen ions (B site). Due to the Td point group
symmetry of the crystal field, the 3d orbitals of Cu2+ ion in
the tetrahedral site are split into upper t2 and lower e orbitals.
As depicted in the left-hand side of Fig. 1(b), one hole in the t2
levels has leff = 1. Note that capital Jeff , Leff , and S ( jeff , leff ,
and s) stand for multiparticle (single particle) total, orbital,
and spin angular momenta. The SOC further splits the t2 levels
into the SOE jeff = 1/2 doublet occupied by the single hole
and the jeff = 3/2 states fully occupied by electrons. Finally,
Coulomb interactions can give rise to a Mott insulating Jeff =
1/2 state by splitting the jeff = 1/2 band.

However, on the other limit [right-hand side of Fig. 1(b)],
where the energy scale of Jahn-Teller distortion � > λ, an
S = 1/2 state with fully quenched orbital angular momentum
will be instead stabilized. At ambient pressure, our density
functional theory (DFT) and dynamical mean-field theory
calculations [20] predicted that, in CuAl2O4, the Jeff = 1/2
state wins over the spin-only state. Although SOC is relatively
small (λ = 50 meV) for Cu2+ ions, the strong correlation
(U = 7 eV) works as if SOC is effectively enhanced to stabi-
lize the Jeff = 1/2 state. Since the jeff = 1/2 state occupied
by the single hole involves the equal amount of t2 orbitals

(α′ = 1/3),
∣∣ jeff = 1

2 , jz
eff = ± 1

2

〉

=
√

α′∣∣lz
eff = 0

〉|±〉 − √
1 − α′∣∣lz

eff = ±1
〉|∓〉, (1)

where |lz
eff = 0〉 = |dxy〉, |lz

eff = ±1〉 = − 1√
2
(i|dzx〉 ± |dyz〉),

and |±〉 is the spin-half spinor [6], the CuO4 tetrahedron is
not distorted into D2d symmetry but sustains instead the cubic
(Td ) symmetry. The cubic symmetry of CuAl2O4 at ambient
pressure was verified via low-temperature neutron diffraction
[18] and XRD [19] methods. However, there is still a ques-
tion of locally broken symmetry, which motivated this paper
together with a possible pressure-induced new transition.

X-ray absorption near edge structure (XANES) measure-
ment was done at the copper K edge to estimate the accurate
value for site disorder in the single crystal. The other purpose
was to confirm the lattice symmetry, i.e., the cubic struc-
ture without Jahn-Teller distortion. The observed spectrum
in Fig. 2(a) has 10 peaks, which we can assign as peaks A
to J. We can simulate the total spectrum by superposing two
spectra, calculated with Cu2+ in the tetrahedral and octahedral
sites of the cubic lattice, respectively, in the ratio of 64:36.
The overall shape of the simulation consists of 10 peaks corre-
sponding to the measurement, which indicates that the crystal
indeed has the cubic lattice with the site disorder of η = 0.36,
comparable with that obtained by the Rietveld method of the
previous XRD data [19].

The tetrahedral site with Td symmetry can form a p-d hy-
bridized orbital, enabling the electric dipolar transition of 1s
electron to the hybridized orbital [22,23]. The pre-edge peak
A comes from a transition to the copper 3d-4p hybridized or-
bital in the tetrahedral site. In contrast, peak B originates from
the hybridization of copper 4p, oxygen 2p, and aluminum 3s
orbitals. On the other hand, the peaks C, D, F, H, J (E, G,
I) arise from transitions to the copper p orbital states in the
tetrahedral (octahedral) sites. This result is like the study on
CuAl2O4 nanoparticles [24].

The intensity of the peaks in the experimental spectrum
looks suppressed when compared with that in the calculation.
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FIG. 2. (a) X-ray absorption near edge structure (XANES) spectrum at the copper K edge. The total spectral calculation done using the
cubic lattice is composed of two contributions: 64 (36)% of Cu2+ ions located in the tetrahedral (octahedral) site. (b) Electric dipole transition
occurring in the tetrahedral and octahedral sites. In the tetrahedral site, the transition at the L3 edge (α) is allowed, but the transition at the L2

edge is forbidden. However, in the octahedral site, the transitions at both L3 and L2 edges (β and γ , respectively) are allowed. (c) The observed
absorption spectrum at the copper L3 edge (∼930 eV). It has a distinct feature of two peaks: α and β. (d) The spectrum at the copper L2 edge
(∼950 eV). It features a single peak γ .

This is due to the self-absorption effect [25], which occurs
when a single crystal is measured in a fluorescence yield
mode. Moreover, since the simulation is based on a Hartree-
Fock calculation with a muffin-tin potential [26], electron
correlation is difficult to estimate precisely. This limitation
can explain a difference in the position of the 3d band.

Copper L-edge XAS probes more directly the SOE
character of the unoccupied state in CuAl2O4. This technique
has so far been proven a useful tool to investigate the SOC
of a ground state by using the electric dipole selection
rules [15,27–29]. The jeff = 1/2 state is branched off from
the atomic j = 5/2, | jeff = 1/2, jz

eff = ±1/2〉 ∝ ±1/
√

6
| j = 5/2, jz = ±5/2〉 ∓ 5/

√
30| j = 5/2, jz = ∓3/2〉. If

the hole in CuAl2O4 occupies the jeff = 1/2 state, the
transition from the 2p1/2 to jeff = 1/2 states (L2 edge) is
forbidden, while the transition from the 2p3/2 to jeff = 1/2
states (L3 edge) is allowed. On the other hand, the transitions
at both edges are allowed for the hole occupying a spin-1/2
state with fully quenched orbital angular momentum.
Therefore, if the ground state of CuAl2O4 is indeed
Jeff = 1/2, we expect to observe a single peak at the L3

edge and no peak at the L2 edge in the absorption spectrum.
However, there is a sizable amount of site disorder in our

single-crystal sample: 64 (36)% of Cu2+ located in the tetra-
hedral (octahedral) site. Contrary to the octahedral site, where
a hole occupies the eg orbital state with leff = 0, the tetrahedral
site can solely host the jeff = 1/2 state. This will make an
absorption peak α at the L3 edge in the tetrahedral site, but
the octahedral site will make two absorption peaks β and γ

at the L3 and L2 edges, respectively [Fig. 2(b)]. Therefore,
we expect to observe a three-peak feature, two peaks at the
L3 edge and a single peak at the L2 edge, in the absorption
spectrum.

From the XAS measurement of a single-crystal CuAl2O4,
we verified that there are indeed two distinct peaks at the L3

edge [Fig. 2(c)] and a single peak at the L2 edge [Fig. 2(d)],
as expected. At the L3 edge, the ratio of the spectral weight
of peaks α and β is estimated to be 0.636:0.364 [30], which
is comparable with the above result of η = 0.36 obtained
from the XANES experiment. The spacing between the two
peaks, 0.6(1) eV corresponds well to the energy difference

�ε = 0.7 eV between the first conduction band projected onto
the jeff = 1/2 state in the tetrahedral site and the second band
projected onto the eg state in the octahedral site [30]. We
can exclude the presence of Cu metal, Cu+ and Cu3+ ions,
from the possible reason for the peak splitting because of
the observed small splitting energy: for the latter cases, one
expects to see much larger splitting in the order of a few
electronvolts [43,44].

Moreover, the transition ratio at the L3 and L2 edges, or
the branching ratio (BR), gives the expectation value 〈l · s〉
of a hole state, and 〈l · s〉 becomes zero for BR = 2 [28].
Therefore, in the octahedral site, the ratio of the spectral
weight of peaks β and γ should follow the ratio of 2:1. The
peak γ in Fig. 2(d) calculated using the half spectral weight
of peak β is indeed comparable with the observed spectrum
[30]. Finally, by subtracting the contribution of the octahedral
site (peak β and γ ) from the observed spectrum, we obtained
the contribution solely from the tetrahedral site [30]. Using
the resultant spectral weight at each edge, we evaluated BR in
the tetrahedral site. It gives 〈leff · s〉 = 0.90(8), which is close
to 〈leff · s〉 = 1 of the jeff = 1/2 state [28,45].

The SOE Jeff = 1/2 state of CuAl2O4 arises from the del-
icate balance among W, U, and λ [1,2]. Therefore, one can
expect to induce various transitions of the SOE states accord-
ing to the values of W, U, and λ by modifying the balance via
adjusting a physical variable such as pressure [10–14]. Since
the Jeff = 1/2 state of CuAl2O4 is in the exotic region of the
phase diagram of U and λ, where large U and small λ make
the strongly correlated spin-orbit regime [30], a novel phase
transition distinct from those in the other Jeff = 1/2 states is
expected to emerge by applying pressure.

To examine this possibility of a pressure-induced new
phase, we carried out high-pressure XRD experiments to find
the pressure-induced structural transition. Figure 3(a) shows
that the Bragg peaks get split as pressure increases. The split
Bragg peaks merge again and return to their initial phase as
the pressure is released, ensuring that this pressure-induced
transition is reversible. We also confirmed that the cubic lat-
tice changes into a tetragonal lattice [30] with a space group of
I41/amd and a reduced lattice parameter at = ac/

√
2, where

ac is the lattice parameter of the cubic phase.
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FIG. 3. (a) Pressure dependence of the x-ray diffraction (XRD) pattern. Peak splitting of Bragg peaks emerges under hydrostatic pressure,
and the split merges back as the pressure is released. (b) Pressure dependence of the lattice parameters. The cubic phase transforms into a
tetragonal phase above Pc = 8(1) GPa. The lattice parameter of the cubic phase (ac ) was fitted to the Vinet equation of state (the dashed
line), and those of the tetragonal phase (at and ct ) were fitted to a mean-field function proportional to (P/Pc )δ (the solid line). (c) Pressure
dependence of a ratio of lattice parameters c/a. Above Pc, it drops down from unity. (d) Pressure dependence of the O-Cu-O angle φt of the
CuO4 tetrahedron and the ratio of the height lc to the base la of the tetrahedron.

According to our experimental data and subsequent anal-
ysis, ac gets continuously reduced as pressure increases to
the critical pressure Pc ∼ 8 GPa [Fig. 3(b)]. The pressure de-
pendence of ac follows the typical Vinet equation of states
[46] with a bulk modulus of B0 = 247(7) GPa and dB0/dP =
7, comparable with those of other spinel compounds [47].
Above Pc, the structural transition emerges, and

√
2at bi-

furcates from the lattice parameter along the c axis, ct .
Comparing with at , which is increasing slightly as the pres-
sure increases [�(

√
2at ) = 0.05(1) Å], notably ct reduces

dramatically [�(ct ) = − 0.28(4) Å]. By fitting the pressure
dependence of the lattice parameters of the tetragonal phase
using a mean-field equation, we can evaluate the critical pres-
sure of Pc = 8(1) GPa.

Figure 3(c) shows the pressure dependence of a ratio of
the lattice parameters c/a, where we plot ct/(

√
2at ) for the

tetragonal phase. Above Pc, the ratio drops down to 0.979(3)
and keeps reducing while the pressure increases. The reduc-
tion of c/a comes mainly from the contraction of the CuO4

tetrahedron. Depicted in Fig. 3(d), the O-Cu-O angle φt of the
tetrahedron increases from 109.5° above Pc. Moreover, a ratio
of the height lc to the base la of the tetrahedron follows almost
the same pressure dependence of global c/a.

To understand the mechanism underlying the pressure-
induced structural phase transition in CuAl2O4, we performed
DFT calculations. The ground state of CuAl2O4 at the ambient
pressure is confirmed to be Jeff = 1/2 with the cubic lattice,
and it remains robust even with a notable amount of site
disorder η = 0.5 [30]. The total energy calculated from the
CuAl2O4 lattice shows its global minimum locating at the
point where the ratio of the lattice parameters c/a is unity
[Fig. 4(a)]. However, as the pressure increases, the unit cell
volume reduces, and the bond length of copper and oxygen
ions becomes shorter. The lattice optimization calculations
show the shift of the balance from the undistorted Jeff = 1/2
state to the state with S = 1/2 with Jahn-Teller distortion. As a
result, the minimum of the total energy shifts suddenly toward
c/a < 1 above the theoretical critical volume change of the
unit cell 1 − (Vc/V0) = 0.02.

In Fig. 4(b), the mixing parameter and the ratio of lattice
parameters reach a value of α′ = 1/3 and c/a = 1, respec-

tively, below the volume change of 2%, which denotes the
stabilization of the Jeff = 1/2 state with the cubic lattice.
When the volume changes >2%, however, α′ moves toward
1, and c/a < 0.95, suggesting that the disentangled S = 1/2
state with the compressed tetragonal lattice has been stabilized
for the phase with a smaller volume.

The observed transition of the cubic lattice into the com-
pressed tetragonal lattice corresponds to what we expected
from the total energy calculation [Fig. 4(c)]. Therefore, our
measurement supports the scenario where the ground state of
CuAl2O4 changes from the SOE Jeff = 1/2 to the spin-only
S = 1/2 state. The behavior of c/a, depending on the volume
change, corresponds to the theoretical expectation within the
error bar. There is a slight difference in the estimate of the
critical value 1 − (Vc/V0) between the experimental [2.9(6)%]
and the theoretical (2%) values. It can be due to the limitation
or error in determining U, which relates to the values of Vc and
c/a in our method.

From the x-ray absorption and high-pressure XRD stud-
ies, we observed direct evidence of the Jeff = 1/2 state in
CuAl2O4 at ambient pressure, leading to the cubic lattice.
We also discovered the pressure-induced structural transition
to the compressed tetragonal lattice, hosting the spin-only
state. This observation corresponds well to what we expect
from the Jeff = 1/2 state under the regime of strong correla-
tion. The crystal structure of CuAl2O4, where the separation
of tetrahedra and the large U cooperate in stabilizing the
Jeff = 1/2 state of Cu2+, also allows the pressure-dependent
evolution of the Jeff = 1/2 state in an isolated “cage.” Our
finding of the strongly correlated SOE state in CuAl2O4

can thus provide insight into unexplored territory in the
phase diagram of U and λ, where 3d transition metal ions
stabilize the SOE state by competing with Jahn-Teller dis-
tortion. Another candidate with a similar effect may include
Co2+ in an octahedral crystal field, which can host the
Jeff = 1/2 state [48,49]. For instance, the CoO6 octahedra of
γ -SiCo2O4 [50,51] and Ba3CoSb2O9 [52,53] are reported to
have a D3d point group symmetry instead of a C2h driven
by Jahn-Teller distortion. It is noted that another spinel
compound NiRh2O4 [54], where Ni2+ is positioned at the
tetrahedral site, yields magnetic entropy of Rln6 instead of
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FIG. 4. (a) Calculated total energy depending on the change of the unit cell volume. The arrow denotes where the minima of the total
energy locate. The global minimum shifts its position from c/a = 1 to c/a < 1 above the critical volume change of 1 − (Vc/V0 ) = 0.02.
(b) Calculated volume change dependence of α′ in Eq. (1) and c/a. The structural transition of the cubic to the tetragonal lattice at Vc

accompanies a transition in the ground state from the Jeff = 1/2 to S = 1/2 states. (c) Comparison of c/a ratio depending on the volume
change between the experimental data points (symbols) and two theoretical lines: one is that from the mean-field function (the dashed line)
and another that from the DFT calculations in Fig. 3(b) (the solid line).

Rln3 of spin-only S = 1, which implies a ground state with
entanglement.

It should be noted that the transition of the ground state
from Jeff = 1/2 to S = 1/2 does not occur in other systems.
For instance, in the Ruddlesden-Popper series of iridates
Srn+1IrnO3n+1 [10,11], the pressure broadens the bandwidth
of t2g states and eventually turns the ground state into a typical
metal. In the case of the honeycomb-based Kitaev candi-
dates α-Li2IrO3 [12], β-Li2IrO3 [13], and α-RuCl3 [14], the
pressure leads to dimerization, changing the Mott insulating
Jeff = 1/2 phase to a gapped dimerized one.

Two mechanisms could, in principle, suppress the effect of
SOC under pressure. One is the splitting of triply degenerate
t2 levels by extra distortions due to the Jahn-Teller effect. The
other more substantial effect is the intersite electron hopping
t and the corresponding formation of bands [55–57]. Since
both effects become more critical with increasing electron
hopping or the bandwidth, they will be enhanced by pres-
sure, which could explain the novel transition from the SOE
Jeff = 1/2 state at ambient pressure to the Jahn-Teller dis-
torted S = 1/2 state at high pressure that we discovered in
CuAl2O4.

In conclusion, we have successfully demonstrated that the
CuAl2O4 has a Jeff = 1/2 state at ambient pressure, which
undergoes a rare transition to an S = 1/2 state upon applying

pressure. This pressure-driven transition between a Jeff = 1/2
state and an S = 1/2 state is well captured by the DFT
calculations with the SOC fully employed. Our observation
constitutes an observation of pressure-driven Jeff -to-S states
with the intrinsically strong Coulomb interaction. Our paper
offers an exciting opportunity to explore the spin-orbit entan-
glement at the regime of strong correlation.
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