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a plethora of properties

et al.13 In addition the tilt and rotation angles together with
the deformation of the octahedron basal plane are depicted.
At low temperature and for decreasing Sr concentration, one
passes from the undistorted K2NiF4 structure in pure
Sr2RuO4, space group I4/mmm , to a simple rotation
I41 /acd in agreement to the low lying rotation mode in the
pure compound.24 An estimated boundary is included in the
diagram in Fig. 10, though the transition is found to exhibit
order-disorder character. For a Sr concentration of x!1.5
only diffuse scattering representative of a short range rota-
tional distortion is present. For x!1.0 the rotational angle
already amounts to 10.8°; the rapid suppression of the struc-
tural distortion in Sr-rich samples appears to be extraordi-
nary it might hide some further effect. For much smaller Sr
content, near x!0.5, a combination of rotation and small tilt
is found. This is realized either in a subgroup of I41 /acd or
in Pbca . Further decrease of the Sr-content leads finally to

the combination of the rotation and the large tilt in the
S-Pbca phase. The Sr dependence of the tilt and rotation
angles is resumed in Fig. 11. Most interestingly all these
structural transitions are closely coupled to the physical
properties.
The purely rotational distortion should be related to the

c-axis resistivity since it modifies the overlap of the O orbit-
als in the c direction. This rotation phase becomes unstable
against the tilt for Sr concentrations lower than 0.5, since in
the single crystal with x!0.5 only a minor distortion has
been observed, which remained undetectable in the powder
sample. For the Sr concentration of x!0.2 we already find
tilt angles of about 7° at low temperature by powder neutron
diffraction. Near x!0.5 there is hence the quantum critical
point of the continuous tilt transition which coincides with a
maximum in the low temperature magnetic susceptibility.
For x!0.5, Nakatsuji et al. report a low-temperature mag-
netic susceptibility about 100 times larger than that of pure
Sr2RuO4.13 This suggests that the low-lying tilt modes are
strongly coupled to the magnetism. This interpretation is fur-
ther supported by the fact that in all magnetically ordered
structures x!0.0, x!0.1, and in Ca2RuO4.07, the spin direc-
tion is parallel to the tilt axis in spite of a different octahe-
dron shape as it is schematically drawn in Fig. 10. Decrease
of the Sr content below x!0.5 stabilizes the tilt and causes a
maximum in the temperature dependence of the susceptibil-
ity at T!TP , indicated in Fig. 10.13 TP , however, does not
coincide with the structural transition from I41 /acd to the
tilted phase but is much lower. We speculate that the suscep-
tibility maximum arises from an increase of antiferromag-
netic fluctuations induced by the tilt.
There is another anomalous feature in the temperature de-

pendent susceptibility of samples with 0.2"x"0.5: Nakat-
suji et al. find a strong magnetic anisotropy between the a
and b directions of the orthorhombic lattice.13 In relation to
the magnetic order in the insulating compounds it appears
again most likely that the tilt axis, which is parallel b, is the
cause of the huge anisotropy. However, there might be an

FIG. 10. Phase diagram of Ca2#xSrxRuO4 including the differ-
ent structural and magnetic phases and the occurrence of the
maxima in the magnetic susceptibility !Ref. 13". In the lower part,
we schematically show the tilt and rotation distortion of the octa-
hedra #only the basal square consisting of the Ru !small points" and
the O!1" !larger points" is drawn$ together with the elongation of
the basal planes. Note that all phases are metallic except for
S-Pbca .

FIG. 11. The Sr concentration dependence of the tilt %-O!1"
and %-O!2" and rotation angle & in Ca2#xSrxRuO4. The filled sym-
bols denote the results obtained at T!300 K !those with brackets
are obtained at T!400 K" and the open symbols are those at T
!10 K, the dashed line indicates the critical concentration below
which one observes the insulating S-Pbca phase at low tempera-
ture.
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Sr2RuO4: the Fermi surface 
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diffraction. Near x!0.5 there is hence the quantum critical
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netic susceptibility about 100 times larger than that of pure
Sr2RuO4.13 This suggests that the low-lying tilt modes are
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ther supported by the fact that in all magnetically ordered
structures x!0.0, x!0.1, and in Ca2RuO4.07, the spin direc-
tion is parallel to the tilt axis in spite of a different octahe-
dron shape as it is schematically drawn in Fig. 10. Decrease
of the Sr content below x!0.5 stabilizes the tilt and causes a
maximum in the temperature dependence of the susceptibil-
ity at T!TP , indicated in Fig. 10.13 TP , however, does not
coincide with the structural transition from I41 /acd to the
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tibility maximum arises from an increase of antiferromag-
netic fluctuations induced by the tilt.
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The electronic structure of Sr2RuO4 is investigated by high angular resolution ARPES at several in-
cident photon energies. We address the controversial issues of the Fermi surface (FS) topology and the
van Hove singularity at the M point, showing that a surface state and the replica of the primary FS due
to

p
2 3

p
2 surface reconstruction are responsible for previous conflicting interpretations. The FS thus

determined by ARPES is consistent with the de Haas–van Alphen results, and it provides additional
information on the detailed shape of the a, b, and g sheets.

PACS numbers: 74.25.Jb, 74.70.Ad, 79.60.Bm

Angle-resolved photoemission spectroscopy (ARPES)
has proven itself to be an extremely powerful tool in study-
ing the electronic structure of correlated electron systems.
In particular, in the case of the high-temperature supercon-
ductors, it has been very successful in measuring the su-
perconducting gap, determining the symmetry of the order
parameter, and characterizing the pseudogap regime [1].
On the other hand, one of the fundamental issues, namely,
the determination of the Fermi surface (FS) topology, has
been controversial, as in the case of Bi2Sr2CaCu2O8, rais-
ing doubts concerning the reliability of the ARPES results.
A similar controversy has also plagued the fermiology of
Sr2RuO4. In this context, the latter system is particu-
larly interesting because it can also be investigated with
de Haas–van Alphen (dHvA) experiments, contrary to the
cuprates, thus providing a direct test for the general relia-
bility of the photoemission results.

Whereas dHvA analysis, in agreement with local density
approximation (LDA) band-structure calculations [2,3], in-
dicates two electronlike FS (b and g) centered at the G
point, and a hole pocket !a" at the X point [4–6], early
ARPES measurements suggested a different picture: one
electronlike FS !b" at the G point and two hole pockets (g
and a) at the X point [7,8]. The difference comes from
the detection by ARPES of an intense, weakly dispersive
feature at the M point just below EF that was interpreted
as an extended van Hove singularity (evHS) pushed down
below EF by electron-electron correlations [7,8]. With the
evHS below EF , rather than above (LDA band-structure
calculations place it 60 meV above EF [2,3]), the g pocket
is converted from electronlike to holelike. The existence
of the evHS was questioned in a later photoemission pa-
per [9], where it was suggested that dHvA and ARPES

results could be reconciled by assuming that the feature
detected by ARPES at the M point was due to a surface
state (SS). Recently, two possible explanations were pro-
posed. First, the evHS at the M point could be only slightly
above EF (e.g., 10 meV), so that considerable spectral
weight would be detected just below EF [10]. Alterna-
tively, ARPES could be probing ferromagnetic (FM) cor-
relations reflected by the existence of two different g-FS
(holelike and electronlike, respectively, for majority and
minority spin directions), which might have escaped de-
tection in dHvA experiments [11]. Second, the surface
reconstruction as detected by low-energy electron diffrac-
tion (LEED), which has been proposed to be indicative of
a FM surface [12], would also complicate the ARPES data.
The resolution of this controversy is important not only for
the physics of Sr2RuO4 per se but also as a reliability test
for FS’s determined by ARPES, especially on those cor-
related systems where photoemission spectroscopy is the
only available probe.

In this Letter, we present a detailed investigation of the
electronic structure of Sr2RuO4. By varying the incident
photon energy and the temperature at which the samples
were cleaved, we confirm the SS nature of the near-EF
peak detected at the M point, and we identify an additional
dispersive feature related to the “missing” electronlike FS
!g". A complete understanding of the data can be achieved
only by recognizing the presence of shadow bands
(SB), due to the

p
2 3

p
2 surface reconstruction which

takes place on cleaved Sr2RuO4 (as confirmed by LEED).
Despite the surface complications, the FS as determined
by ARPES is consistent with the dHvA results [4–6], and
provides additional information on the detailed shape of
the a, b, and g sheets.
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FIG. 4 (color). EDC’s and intensity plot I!k, v" along G-M-G and M-X [panels (a) and (b), respectively]. Panel (c): EF intensity
map. Panel (d): LEED pattern recorded at the end of the FS mapping. All data were taken at 10 K on Sr2RuO4 cleaved at 180 K.

is in very good agreement with LDA calculations [2,3]
and dHvA experiments [4–6]. The number of electrons
contained in the FS adds up to a total of 4, in accordance
with the Luttinger theorem, within an accuracy of 1%
(as a matter of fact, for the FS determined on samples
cleaved at 10 K the accuracy in the electron counting
reduces to 3% due to the additional intensity of folded
bands and surface state). As a last remark, we can confirm
that a and b FS present the nested topology which has
been suggested [13] as the origin of the incommensurate
magnetic spin fluctuations later observed [14] in inelastic
neutron scattering experiments at the incommensurate
wave vectors Q # !62p$3a, 62p$3a, 0".

Our results confirm the surface state nature of the SS
peak detected at the M point. The comparison of Figs. 3b
and 4c suggests that a surface contribution to the total
intensity is also responsible for the less well-defined FS
observed on samples cleaved at 10 K. At this point, one
might speculate that these findings are a signature of the
surface ferromagnetism recently proposed for Sr2RuO4
[11,12]. In this case, two different FS’s should be expected
for the two spin directions [11], resulting in (i) additional
EF weight near M due to the presence of a holelike g
pocket for the majority spin, and (ii) overall momentum
broadening of the FS contours because the a, b, and g
sheets for the two spin populations are slightly displaced
from each other in the rest of the BZ. Moreover, due
to the surface-related nature of this effect, it would have
escaped detection in dHvA experiments. In this scenario,
a slight degradation of the surface would significantly
suppress the signal related to FM correlations, due to the
introduced disorder. The resulting FS would be represen-
tative of the nonmagnetic electronic structure of the bulk
(Fig. 4c). The hypothesis of a FM surface seems plausible
because the instability of a nonmagnetic surface against
FM order is not only indicated by ab initio calculations
[11] but it may also be related to the lattice instability evi-
denced by the surface reconstruction [12]. To further test
this hypothesis, we suggest spin-polarized photoemission
measurements and both linear and nonlinear magneto-
optical spectroscopy experiments [i.e., magneto-optical

Kerr effect (MOKE) and magnetic second-harmonic
generation (MSHG), respectively].

In summary, our investigation confirms the SS nature
of the weakly dispersive feature detected at the M point
(possibly a fingerprint of a FM surface). On the basis of
both ARPES and LEED, we found that a

p
2 3

p
2 surface

reconstruction occurs in cleaved Sr2RuO4, resulting in the
folding of the primary electronic structure. Taking these
findings into account, the FS determined by ARPES is
consistent with the dHvA results and provides detailed
information on the shape of a, b, and g pockets.

We gratefully acknowledge C. Bergemann, M. Braden,
T. Mizokawa, Ismail, E. W. Plummer, and A. P. Macken-
zie for stimulating discussions and many useful comments.
Andrea Damascelli is grateful to M. Picchietto and B. Topí
for their valuable support. SSRL is operated by the DOE
Office of Basic Energy Research, Division of Chemical
Sciences. The office’s division of Material Science pro-
vided support for this research. The Stanford work is
also supported by NSF Grant No. DMR9705210 and ONR
Grant No. N00014-98-1-0195.

[1] Z.-X. Shen and D. S. Dessau, Phys. Rep. 253, 1 (1995).
[2] T. Oguchi, Phys. Rev. B 51, 1385 (1995).
[3] D. J. Singh, Phys. Rev. B 52, 1358 (1995).
[4] A. P. Mackenzie et al., Phys. Rev. Lett. 76, 3786 (1996).
[5] A. P. Mackenzie et al., J. Phys. Soc. Jpn. 67, 385 (1998).
[6] C. Bergemann et al., Phys. Rev. Lett. 84, 2662 (2000).
[7] D. H. Lu et al., Phys. Rev. Lett. 76, 4845 (1996).
[8] T. Yokoya et al., Phys. Rev. B 54, 13 311 (1996).
[9] A. V. Puchkov et al., Phys. Rev. B 58, R13 322 (1998).

[10] A. Liebsch and A. Lichtenstein, Phys. Rev. Lett. 84, 1591
(2000).

[11] P. K. de Boer and R. A. de Groot, Phys. Rev. B 59, 9894
(1999).

[12] R. Matzdorf et al., Science 289, 746 (2000).
[13] I. I. Mazin and D. J. Singh, Phys. Rev. Lett. 82, 4324

(1999).
[14] Y. Sidis et al., Phys. Rev. Lett. 83, 3320 (1999).

5197

α

β γ



spin-orbit effects are strong

Strong Spin-Orbit Coupling Effects on the Fermi Surface of Sr2RuO4 and Sr2RhO4
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We present a first-principles study of spin-orbit coupling effects on the Fermi surface of Sr2RuO4 and
Sr2RhO4. For nearly degenerate bands, spin-orbit coupling leads to a dramatic change of the Fermi surface
with respect to nonrelativistic calculations; as evidenced by the comparison with experiments on Sr2RhO4,
it cannot be disregarded. For Sr2RuO4, the Fermi surface modifications are more subtle but equally
dramatic in the detail: Spin-orbit coupling induces a strong momentum dependence, normal to the RuO2

planes, for both orbital and spin character of the low-energy electronic states. These findings have
profound implications for the understanding of unconventional superconductivity in Sr2RuO4.

DOI: 10.1103/PhysRevLett.101.026406 PACS numbers: 71.18.+y, 74.70.Pq, 79.60.!i

The emergence of unconventional superconductivity in
Sr2RuO4 from a rather conventional Fermi-liquid-like
state has attracted the attention of numerous theoretical
and experimental studies of this and related materials.
Although Sr2RuO4 is isostructural with the high-Tc super-
conducting cuprates, there seems to be little doubt that the
normal state is well described by a Fermi liquid, with a
Fermi surface obtained from density-functional theory
(DFT) band-structure calculations [1,2] which agrees
well with experimental determinations. The Fermi surface
of Sr2RuO4 has been measured with several techniques
with an unprecedented accuracy: de Haas–van Alphen
(dHvA [3]), Shubnikov–de Haas [4], low- and high-energy
angle-resolved photoemission spectroscopy (ARPES
[5,6]), and Compton scattering [7] data are all available
for this compound and give a consistent outcome. The
agreement of these experiments with calculations seems
satisfactory, but it is not a trivial result, if one recalls the
large many-body renormalization of the band dispersion
[8] and the notion that Sr2RuO4 can be turned into a Mott
insulator by Ca doping [9].

The apparent much weaker influence of electron corre-
lation effects in the 4d ruthenates, as compared to the 3d
cuprates, is not unexpected. The radial extent of the 4d
wave functions with one radial node is much larger than the
zero-node 3d one, leading to a larger one-electron band-
width and a smaller on-site Coulomb repulsion. This fun-
damental difference between 3d and 4d transition metal
compounds also explains the dominance of the t2g band
and low-spin-like behavior in describing the low-energy
scale physics for systems with less than 6d electrons. In
other words, Hund’s rule splittings are eclipsed by crystal-
field and band-structure effects in 4d systems. All of this
would suggest that Sr2RhO4, with one extra 4d-t2g elec-
tron, should also be well described by band theory and
could provide an interesting approach to study the behavior
of the unconventional superconducting state of Sr2RuO4
upon electron doping. Although one does expect the Fermi
surface to change with the addition of one extra electron to

the Fermi sea, it came as a surprise that band theory—
within an approach equivalent to that used for Sr2RuO4 —
failed badly in describing the Fermi surface of Sr2RhO4, as
determined to a high degree of precision by both ARPES
[10,11] and dHvA experiments [12].

The subject of this Letter is to understand the reason for
this discrepancy. It has been suggested that the failure of
DFT in the case of Sr2RhO4 is a consequence of many-
body interactions [10,11]. This seems, however, an un-
likely scenario since, on general grounds, many-body ef-
fects are expected to be of the same magnitude in Sr2RhO4
and Sr2RuO4. Indeed, as confirmed by experimental deter-
minations of mass enhancement [3,10] and quasiparticle
dispersion [8,10], the renormalization parameters are
closely comparable for the two compounds and, at most,
would suggest slightly larger renormalization effects for
Sr2RuO4. We will show that electron correlations are not
the main driving force here; instead, the problem can be
well understood by taking into account the interplay be-
tween spin-orbit coupling (SOC) and the details of the
band dispersion close to the Fermi energy. In addition,
the inclusion of SOC leads to a nontrivial, hitherto un-
known, momentum dependence for orbital and spin char-
acteristics of the near-EF electronic states in Sr2RuO4;
their knowledge is at the very heart of the microscopic
understanding of spin-triplet, possibly orbital-dependent,
superconductivity [13].

Experimentally, it was shown that SOC does play an
important role in insulating ruthenates [14]. This is not
surprising since the atomic relativistic SOC constant is ! "
161 #191$ meV for Ru4% (Rh4%) [15], which is not a small
quantity. Furthermore, it is also rather similar for the two
systems, leading one to believe that, if SOC is not impor-
tant for the metallic ruthenates, the same should hold for
the rhodates and vice versa. As we will show, the inclusion
of SOC dramatically improves the agreement between
DFT and experimental results for Sr2RhO4; we will also
explain why SOC has a much smaller apparent effect for
Sr2RuO4. Care should be taken, however, since for
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Sr2RuO4 there are specific regions in the three-dimensional
Brillouin zone where SOC does have a very large effect;
this might have an important influence on the interpretation
of several experimental findings, from the details of the kz
electronic dispersion [3,4] to the signatures of spin-triplet
superconducting pairing [16,17].

DFT calculations were done with the code WIEN2K [18]
and structural data from Ref. [19]. The results are basically
independent of the radius of the muffin-tin spheres and
extremely similar for local density approximation (LDA)
and generalized gradient approximation, especially close
to the Fermi energy. In Figs. 1(a) and 1(c), we show the
Fermi surface of Sr2RhO4 and Sr2RuO4 calculated without
SOC, which is in good agreement with previous theoretical
results [1,2,10,11]. The Fermi surface of Sr2RuO4 consists
of three sheets, labeled !, ", and #. The # sheet is mainly
composed of dxy orbitals and is highly two-dimensional;
the ! and " sheets are formed by the one-dimensional-like
bands derived from dxz and dyz orbitals, which exhibit
anticrossing behavior (i.e., mixing) along the zone diago-
nal. In Fig. 1(c), we present calculations for both kz ! 0
and$ (centered around ! and Z, respectively), which show
some degree of kz dispersion. As kz is a difficult quantity to
determine in the experiment [5], the comparison between
LDA and ARPES should be attempted for various values of
kz. For kz ! $, the agreement among ARPES [5], dHvA
[3] (not shown), and LDA is rather good; for kz ! 0,
however, the crossing between # and " sheets in LDA is
experimentally not reproduced. Note that this is really a
crossing and not an anticrossing, as for kz ! 0 the bands
arising from dxy and dxz=dyz orbitals are of different sym-
metry and no mixing is allowed. Also, contrary to the LDA

results of Fig. 1(c), quantum oscillation experiments [3,4]
indicate very little kz modulation for the Fermi surface
(smaller than 1% of the zone even for the " sheet, which
exhibits the largest kz effects).

In principle, the same discussion holds for Sr2RhO4;
there are, however, a few complications due to structural
distortions. The RhO6 octahedra in Sr2RhO4 are rotated
around the c axis, which results in a

!!!
2
p
"

!!!
2
p

doubling of
the unit cell in the a-b plane and also a doubling along the c
axis because of the alternation in the RhO6 rotation direc-
tion. This leads to a doubling of all bands and Fermi sheets,
as evidenced in Fig. 1(a) by the backfolding of the Fermi
surface sheets with respect to the line connecting two
closest M points, e.g., #$; 0; 0$ and #0;$; 0$. In addition,
this distortion reduces the electronic bandwidth and allows
mixing between dxy and dx2%y2 orbitals [11], which causes
the # sheet to almost disappear; small remaining # pockets
can be seen around the ! and " sheet crossings. The
agreement between LDA and experiment for the rhodate
is, as shown in Fig. 1(a) and also noted in the literature
[10,11], not very good (especially if compared with the
beautiful agreement found for Sr2RuO4).

At present, there is no explanation of why LDA is able to
describe Sr2RuO4 but fails for Sr2RhO4, two materials that
are structurally and electronically quite similar. Here we
will show that a resolution of this discrepancy can be
obtained with the inclusion of SOC in LDA. As one can
see in Fig. 1(b), the agreement between LDA& SOC and
experiment is very satisfactory for Sr2RhO4: The # sheet is
now completely absent, and ! and " sheets are signifi-
cantly smaller (the ! pocket is still somewhat larger than in
the experiment, which could possibly be solved by fine-

FIG. 1 (color online). (a),(b) LDA Fermi surface of Sr2RhO4 and (c),(d) Sr2RuO4; (e)–(h) kz electronic dispersion for the Sr2RuO4

cuts highlighted in (c),(d) by solid green bars. Calculations were performed without SOC (top panels) and with SOC (bottom panels).
The gray-scale ARPES EF-intensity maps are here reproduced from (a),(b) Kim et al. [11] and (c),(d) Damascelli et al. [5].
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LDA+DMFT approach
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FIG. 1. The S-Pbca structure [8,9] of Ca2RuO4. The pseudote-
tragonal axes are x ∼ (a + b)/2, y ∼ (b − a)/2, and z = c. Ru sites
i = 2,3,4 transform into the equivalent site i = 1 via the symmetry
operations a → −a (i = 2), b → −b (i = 3), and c → −c (i = 4).

and we confirm that the MIT is indeed mostly driven by
the L-Pbca → S-Pbca change in structure. In Sec. III, we
discuss the magnetic interaction, and we calculate, using
spin-wave theory, the magnon spectrum. We show that the
insulating ground state is not the jt = 0 state. We show that the
spin-orbit-induced single-ion anisotropy is essential to explain
the spin-wave spectrum. Finally, we give our conclusion in
Sec. IV.

II. MODEL AND METHOD

We use the local-density-approximation+dynamical mean-
field theory approach augmented with spin-wave theory. We
first perform LDA calculations [37] with and without spin-
orbit coupling using the full-potential linearized augmented
plane-wave method, as implemented in WIEN2K code [38].
Next we construct t2g Wannier functions via projectors and
a maximal localization procedure [39]. Finally, we build the
Hubbard model for the low-lying t2g states,

H = −
!

ii ′

!

mm′

!

σσ ′

t i,i
′

mσ,m′σ ′c
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FIG. 2. Total LDA+DMFT spectral function at T = 200 K for
the S-Pbca structure. Light lines (cRPA): U = 2.3 eV and J = 0.4 eV.
Dark lines (cLDA): U = 3.1 eV and J = 0.7 eV.

Here, c†imσ (cimσ ) is the creation (annihilation) operator for the
Wannier state with orbital quantum number m = xy,yz,xz and
spin σ at site i, and nimσ = c

†
imσ cimσ . The terms t i,i

′

mσ,m′σ ′ yield
for i = i ′ the on-site energies εmσ,m′σ ′ = −t i,imσ,m′σ ′ and for i ̸=
i ′ the hopping integrals. The parameters Umm′nn′ are elements
of the screened Coulomb interaction tensor. For t2g states in
a free atom, the essential terms are [40] the direct Coulomb
interaction, Umm′mm′ = Um,m′ = U − 2J (1 − δm,m′ ), the
exchange Coulomb interaction, Umm′m′m = J , the pair-
hopping term, Ummm′m′ = J , and the spin-flip term, Umm′m′m =
J . For Ca2RuO4, the site symmetry of Ru sites is only Ci .
The main anisotropy effects are given by the two tetragonal
terms $U = Uxz,xz − Uxy,xy and $U ′ = Uxz,yz − Uxy,yz; we
therefore study the effects of those terms in particular.

We perform calculations with two sets of screened pa-
rameters. The first, U = 3.1 eV and J = 0.7 eV, has been
obtained for Sr2RuO4, the sister compound of Ca2RuO4,
via the constrained local-density approximation (cLDA) [41].
These parameters have been already successfully used [23] to
describe the metal-insulator transition in Ca2RuO4 with the
LDA+DMFT approach. The second set of parameters are the
constrained random-phase approximation (cRPA) values [42],
U = 2.3 eV and J = 0.4 eV. Remarkably, both sets yield an
insulating solution with xy-like orbital order for the S-Pbca
structure. The comparison between LDA+DMFT spectra for
the cLDA and the cRPA parameter sets is shown in Fig. 2.
The main differences between the two results are (i) the size
of the gap (slightly smaller for the cRPA values) and (ii) the
shape of the lower Hubbard band. Both spectral functions
exhibit Hubbard bands more or less in line with the spectra
measured in photoemission, x-ray fluorescence emission, and
x-ray absorption spectroscopy experiments [41,43–45], thus it
is difficult, based on experiments available so far, to decide
conclusively in favor of one set or the other. For this reason
we will present, when necessary, results for both the cLDA
and cRPA parameter sets. Finally, Hdc is the double-counting
correction [46]. For what concerns the spin-orbit interaction,
which is by construction included in the Hamiltonian in
LDA+SO calculations, the on-site term can be written as

HSO =
!

iµ

H
iµ
SO =

!

iµ

!

mσm′σ ′

λi
µξ

iµ
mσm′σ ′c

†
imσ cim′σ ′ ,
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and we confirm that the MIT is indeed mostly driven by
the L-Pbca → S-Pbca change in structure. In Sec. III, we
discuss the magnetic interaction, and we calculate, using
spin-wave theory, the magnon spectrum. We show that the
insulating ground state is not the jt = 0 state. We show that the
spin-orbit-induced single-ion anisotropy is essential to explain
the spin-wave spectrum. Finally, we give our conclusion in
Sec. IV.

II. MODEL AND METHOD

We use the local-density-approximation+dynamical mean-
field theory approach augmented with spin-wave theory. We
first perform LDA calculations [37] with and without spin-
orbit coupling using the full-potential linearized augmented
plane-wave method, as implemented in WIEN2K code [38].
Next we construct t2g Wannier functions via projectors and
a maximal localization procedure [39]. Finally, we build the
Hubbard model for the low-lying t2g states,
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Here, c†imσ (cimσ ) is the creation (annihilation) operator for the
Wannier state with orbital quantum number m = xy,yz,xz and
spin σ at site i, and nimσ = c

†
imσ cimσ . The terms t i,i

′

mσ,m′σ ′ yield
for i = i ′ the on-site energies εmσ,m′σ ′ = −t i,imσ,m′σ ′ and for i ̸=
i ′ the hopping integrals. The parameters Umm′nn′ are elements
of the screened Coulomb interaction tensor. For t2g states in
a free atom, the essential terms are [40] the direct Coulomb
interaction, Umm′mm′ = Um,m′ = U − 2J (1 − δm,m′ ), the
exchange Coulomb interaction, Umm′m′m = J , the pair-
hopping term, Ummm′m′ = J , and the spin-flip term, Umm′m′m =
J . For Ca2RuO4, the site symmetry of Ru sites is only Ci .
The main anisotropy effects are given by the two tetragonal
terms $U = Uxz,xz − Uxy,xy and $U ′ = Uxz,yz − Uxy,yz; we
therefore study the effects of those terms in particular.

We perform calculations with two sets of screened pa-
rameters. The first, U = 3.1 eV and J = 0.7 eV, has been
obtained for Sr2RuO4, the sister compound of Ca2RuO4,
via the constrained local-density approximation (cLDA) [41].
These parameters have been already successfully used [23] to
describe the metal-insulator transition in Ca2RuO4 with the
LDA+DMFT approach. The second set of parameters are the
constrained random-phase approximation (cRPA) values [42],
U = 2.3 eV and J = 0.4 eV. Remarkably, both sets yield an
insulating solution with xy-like orbital order for the S-Pbca
structure. The comparison between LDA+DMFT spectra for
the cLDA and the cRPA parameter sets is shown in Fig. 2.
The main differences between the two results are (i) the size
of the gap (slightly smaller for the cRPA values) and (ii) the
shape of the lower Hubbard band. Both spectral functions
exhibit Hubbard bands more or less in line with the spectra
measured in photoemission, x-ray fluorescence emission, and
x-ray absorption spectroscopy experiments [41,43–45], thus it
is difficult, based on experiments available so far, to decide
conclusively in favor of one set or the other. For this reason
we will present, when necessary, results for both the cLDA
and cRPA parameter sets. Finally, Hdc is the double-counting
correction [46]. For what concerns the spin-orbit interaction,
which is by construction included in the Hamiltonian in
LDA+SO calculations, the on-site term can be written as

HSO =
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We use an efficient general hybridization-expansion continuous-time quantum Monte Carlo impurity solver
(Krylov approach) to study orbital and spin ordering phenomena in strongly correlated systems within the
local-density approximation plus dynamical mean-field theory approach. This allows us to include often-neglected
interaction terms, to study models with large basis sets, to consider crystals with low-symmetry distortions, and
to reach the very low experimental temperatures. We use this solver to study ordering phenomena in a selection of
exemplary low-symmetry transition-metal oxides. For the rare-earth manganites, we show that including spin-flip
and pair-hopping terms does not affect the Kugel-Khomskii orbital-order melting transition. For LaMnO3, we
find that the commonly used two-band model with classical t2g spin gives a good description of the eg electrons
when compared with the full five-orbital Hubbard model. Surprisingly not only the occupied orbital but also
the eg spectral matrix is well reproduced. For the d1 perovskites CaVO3 and YTiO3 we show that spin-flip and
pair-hopping terms only weakly affect orbital fluctuations. Moreover, for the Mott insulator YTiO3 we can study
the ferromagnetic polarization to very low temperatures, finding a transition temperature in remarkably good
agreement with experiments.

DOI: 10.1103/PhysRevB.87.195141 PACS number(s): 71.10.Fd, 71.27.+a, 71.28.+d

I. INTRODUCTION

Orbital and magnetic ordering phenomena play a crucial
role in the physics of strongly correlated transition-metal
oxides. Their onset depends on symmetry, lattice distortions,
superexchange interaction, and the form of the Coulomb ten-
sor. The realistic description of ordering phenomena requires
the ability to disentangle the effects of all these interactions.
In recent years, the local-density approximation plus dynam-
ical mean-field theory (LDA + DMFT) approach,1–3 which
combines ab initio techniques based on density functional
theory in the LDA and DMFT,4 has led to important progress
in understanding such ordering phenomena. It has been
shown that many-body superexchange only weakly affects the
onset of the orbital-order-to-disorder transition in rare-earth
manganites,5 whereas, in the presence of strong Coulomb
repulsion, a small crystal field is sufficient to strongly suppress
orbital fluctuations and stabilize orbital order.5–7 However, the
effects of subtle Coulomb interactions, such as spin-flip and
pair-hopping terms, or of quantum fluctuations, e.g., charge
fluctuations between half-filled t2g and eg states in manganites
or spin fluctuations, are not yet fully understood, while the
origin of very low-temperature magnetism in multiorbital
materials remains little investigated in a realistic context.
The hybridization-expansion continuous-time quantum Monte
Carlo (CT-HYB) technique8–13 appears to date the most
promising DMFT quantum impurity solver to study real mate-
rials at experimental temperatures, although most calculations
so far have been limited to high-symmetry cases or systems

for which the hybridization function is diagonal (or almost
diagonal) in orbital space.8–11,14

In the present work we study the effects of commonly
adopted approximations on the origin of orbital and magnetic
order in some exemplary low-symmetry transition-metal ox-
ides. To do this, we use an efficient general implementation
of the CT-HYB quantum Monte Carlo (QMC) LDA + DMFT
solver for systems of arbitrary point symmetry and arbitrary
local Coulomb interaction. In our implementation we combine
a general Krylov11 scheme, which we use for the low-
symmetry cases, with a very fast segment implementation,8

which can be used when the local Hamiltonian does not mix
flavors (i.e., spin-orbital degrees of freedom). In addition, we
use symmetries10,12 to minimize the computational time. We
present results for the orbital melting transition in the rare-earth
manganites RMnO3, orbital fluctuations in the 3d1 perovskites
CaVO3 and YTiO3, and ferromagnetism in the Mott insulator
YTiO3. Finally, we investigate the regime of validity of the
t2g classical spin approximation often adopted to describe
LaMnO3 and more general manganites.

The paper is organized as follows. In Sec. II we briefly
discuss the approach in the context of the LDA + DMFT
method. Sections III and IV give our results. In Sec. III we
present applications to rare-earth manganites. We show that
spin-flip and pair-hopping terms do not affect the Kugel-
Khomskii orbital-order transition. For LaMnO3 we show that
the eg two-band Hubbard model, commonly used to study the
system, in which the t2g electrons are treated as disordered
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in the basis which diagonalize the crystal-field matrix, even
though the hybridization function has off-diagonal terms of
comparable size in the two bases. In Fig. 3 we show the
LDA + DMFT magnetization m(T ) of the t2g states as a
function of the temperature. Remarkably, we find a transition
at about 50 K, in excellent agreement with experiments,32

which yields TC ∼ 30 K; the overestimation can be ascribed
to the mean-field approximation and to the fact that, since the
critical temperature is very small, it is sensitive to tiny details,
in particular the exact value of the screened exchange integral
J . The occupied orbital does not change significantly in the
magnetic phase, indicating that the occupied orbital remains
the one that diagonalizes the crystal-field matrix; i.e., in the
magnetic phase there is no sizable change of orbital5,19 due to
superexchange.

V. CONCLUSIONS

We have implemented an efficient general version of the
continuous-time hybridization-expansion (CT-HYB) quantum
Monte Carlo solver, which allows us to investigate ordering
phenomena in strongly correlated transition-metal oxides
with more realistic model Hamiltonians at experimental low
temperatures. Our implementation of CT-HYB QMC works
for systems of arbitrary symmetry. In cases where symmetry
allows (i.e., if the local Hamiltonian does not mix flavors) we
use the fast segment solver. In more realistic situations we
use the Krylov approach and, away from phase transition,
trace truncation. We find that in all considered cases the
minus-sign problem mostly appears when off-diagonal crystal-
field terms are present. It is strongly suppressed in the basis
of crystal-field states, whereas off-diagonal terms of the
hybridization function matrix are not as critical.33 We show
that spin-flip and pair-hopping terms hardly affect the strength
of the superexchange orbital-order transition temperature in
rare-earth manganites. They also do not change the conclusion
for the d1 perovskites, where orbital fluctuations are strongly
suppressed by the crystal-field splitting in YTiO3. For this Mott
insulator we extended the calculations to very low tempera-
tures, allowing us to observe the transition to ferromagnetism
at a critical temperature TC ∼ 50 K, in excellent agreement
with experiments. This result shows that the predicted orbital
order is fully compatible with ferromagnetism. Finally we test
the classical t2g spin approximation for LaMnO3 by comparing
the results of a two-band model with the eg electron coupled
to classical (disordered) t2g spins with the results for the full
five-band model including all d electrons explicitly. We find
that both approaches give almost the same occupied eg orbital,
while the eg-t2g spin-spin correlation function calculated from
the full d model is ∼0.74, very close to the value expected
for aligned eg and t2g spins, as assumed in the two-band
model. Surprisingly, even the eg spectral matrices resulting
from the two calculations agree well. Finally we find that the
t2g screening included in the five-band model reduces the eg-eg

Coulomb repulsion by about 10%.
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APPENDIX: GENERAL CT-HYB SOLVER

In this Appendix we fix the notation and explain the details
of our implementation of the general CT-HYB quantum-
impurity solver. The DMFT quantum-impurity Hamiltonian
is H = Hloc + Hbth + Hhyb, where

Hloc =
!

αᾱ

ε̃αᾱc†αcᾱ + 1
2

!

αα′

!

ᾱᾱ′

Uαα′ᾱᾱ′c†αc
†
α′cᾱ′cᾱ,

Hbth =
!

γ

ϵγ b†γ bγ ,

Hhyb =
!

γ

!

α

[Vγ ,αc†αbγ + H.c.].

The combined index α = mσ labels spin and orbital degrees
of freedom (flavors). For the bath, we use, without loss of
generality,35 the basis which diagonalizes Hbth, with quantum
numbers γ . Finally, we define ε̃αᾱ = εαᾱ − &εDC

αᾱ , where εαᾱ

is the crystal-field matrix and &εDC
αᾱ is the double counting

correction; for the cases considered in the present paper the
latter is a shift of the chemical potential µ.

1. Hybridization-function expansion

By expanding the partition function in powers of
Hhyb and going to the interaction picture Hhyb(τ ) =
eτ (Hbth+Hloc)Hhybe

−τ (Hbth+Hloc) with β = 1/kBT we obtain the
series

Z = Tr
"
e−β(Hbth+Hloc)T e−

# β

0 dτHhyb(τ )$

=
∞!

m=0

(−1)m
% (m)

dτ Tr T
&

e−β(Hbth+Hloc)
1'

i=m

Hhyb(τi)

(

,

where T is the time order operator, τ = (τ1,τ2, . . . ,τm) with
τi+1 ! τi and

% (m)

dτ ≡
% β

0
dτ1 · · ·

% β

τm−1

dτm.

In the trace only terms containing an equal number of creation
and annihilation operators in both the bath and impurity
sector, i.e., only even expansion orders m = 2n, contribute.
Introducing the bath partition function Zbth = Tr e−βHbth , the
partition function can be factorized:

Z

Zbth
=

∞!

n=0

% (n)

dτ

% (n)

d τ̄
!

αᾱ

z
(n)
α,ᾱ(τ ,τ̄ ), (2)

with

z
(n)
α,ᾱ(τ ,τ̄ ) = t

(n)
α,ᾱ(τ ,τ̄ ) d

(n)
ᾱ,α(τ ,τ̄ ).

The first factor is the trace over the impurity states

t
(n)
α,ᾱ(τ ,τ̄ ) = Tr T

&

e−β(Hloc−µN)
1'

i=n

cαi
(τi)c

†
ᾱi

(τ̄i)

(

,

where c(†)
α (τ ) = eτ (Hloc−µN)c(†)

α e−τ (Hloc−µN) and N is the total
number of electrons on the impurity. For expansion order
m = 2n, the vector α = (α1,α2, . . . ,αn) gives the flavors αi

associated with the n annihilation operators on the impurity
at imaginary times τi , while the ᾱ = (ᾱ1,ᾱ2, . . . ,ᾱn) are
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Fermi surface: the local Hamiltonian

interaction and t2g crystal field (CF) [9,27], and the role
of the Hund’s rule coupling [10]. LDAþ slave-boson
calculations point to SO effects on the correlated bands
[28]. It remains, however, unclear to what extent many-
body effects actually modify the Fermi surface, and how
they compete with other effects.
In this Letter, by using the LDAþ DMFT method

with SO interaction, we investigate, for the first time,
the interplay between Coulomb repulsion, spin-orbit,
and symmetry at the Fermi surface in a realistic setting.
We show that, surprisingly, the standard isotropic
Coulomb interaction alone [Oð3Þ symmetry] does not
improve (or even worsens) the agreement between
theoretical and experimental Fermi surface. The agree-
ment with experiments can be achieved only if both SO
and Ru D4h low-symmetry Coulomb terms are taken into
account. These terms are often neglected in realistic
many-body calculations due to the numerical difficulties
of treating them. In order to efficiently deal with many-
body Hamiltonians of arbitrary symmetry we have
recently developed a generalized LDAþ DMFT solver
[9,29,30] based on the continuous-time (CT) quantum
Monte Carlo (QMC) [31] technique. Here, we use the
interaction-expansion [32] flavor (CT-INT) of this solver
[9], further extended to account for SO terms. We show
that, remarkably, D4h low-symmetry Coulomb terms
compete with the standard isotropic Oð3Þ terms, the
crystal field, and the SO coupling in determining the
actual shape of the FS of Sr2RuO4.
In the first step we perform LDA calculations using the

full-potential linearized augmented plane-wave method
(WIEN2K [33] code), with and without SO interaction.
Next we construct localized t2g Wannier functions via
Marzari-Vanderbilt localization [34,35] and t2g projectors
[36]. Finally, we build the t2g Hubbard model

H ¼ −
X

jj0

X

σσ0

X

mm0

tj;j
0

mσ;m0σ0c
†
jmσcj0m0σ0

þ 1

2

X

j

X

σσ0

X

mm0pp0

Umm0pp0c†jmσc
†
jm0σ0cjp0σ0cjpσ −Hdc:

ð1Þ

Here, c†jmσ (cjmσ) creates (destroys) an electron with spin
σ in the Wannier state with orbital quantum number m
(m ¼ xy; yz; xz) at site j; Hdc is the double-counting
correction [37]; −tj;j

0

mσ;m0σ0 are the hopping integrals
(j ≠ j0) and the elements of the on-site energy matrix
(j ¼ j0). The latter includes crystal field splittings
and, when present, the SO term l · λ · s, where λ is the
coupling constant tensor. After ordering the states as
fjmi↑g; fjmi↓g, the on-site matrix εmσ;m0σ0 ¼ −tj;jmσ;m0σ0

takes the form

ε̂ ¼

0

BBBBBBBBBBB@

εxy 0 0 0
λxy
2

iλxy
2

0 εyz − iλz
2 − λxy

2 0 0

0 iλz
2 εxz − iλxy

2 0 0

0 − λxy
2

iλxy
2 εxy 0 0

λxy
2 0 0 0 εyz

iλz
2

− iλxy
2 0 0 0 − iλz

2 εxz

1

CCCCCCCCCCCA

:

Because ofD4h site symmetry, the Ru t2g states split into an
eg doublet ðxz; yzÞ and a b2g singlet ðxyÞ, with on-site
energy εxz ¼ εyz and εxy, respectively. LDA yields
εxz ¼ εxy þ εCF with εCF ∼ 120 meV. The SO parameter
λz couples the orbital jyziσ to the orbital jxziσ; instead, the
term λxy couples the jxyiσ state to the jyzi−σ and jxzi−σ
orbitals. LDA yields λz ∼ 102 meV and λxy ∼ 100 meV,
i.e., 15% smaller than the value 130% 30 meV esti-
mated via spin-resolved photoemission spectroscopy [26].
The LDA tetragonal anisotropy δλ ¼ λz − λxy, is tiny,
δλ ∼ 2 meV. The terms Umm0pp0 are elements of the
screened Coulomb interaction tensor. For a free atom
the Coulomb interaction tensor for d states can be
written in terms of the three Slater integrals F0, F2,
and F4. For t2g states the essential terms [38] are the
direct [Umm0mm0 ¼ Um;m0 ¼ U − 2Jð1 − δm;m0Þ] and the
exchange (Umm0m0m ¼ J) screened Coulomb interaction,
the pair-hopping (Ummm0m0 ¼ J) and the spin-flip
term (Umm0m0m ¼ J); here U ¼ F0 þ 4

49 ðF2 þ F4Þ and
J ¼ 1

49 ð3F2 þ 20
9 F4Þ. For site symmetry D4h the number

of independent Coulomb parameters increases to six.
Here we will discuss, in particular, the effect of ΔU ¼
Uxy;xy −Uxz;xz and ΔU0 ¼ Uxy;yz − Uxz;yz. We solve (1)
with DMFT using the CT-INT QMC method. We
work with a 6 × 6 self-energy matrix Σmσ;m0σ0ðωÞ ¼
Σ0
mσ;m0σ0ðωÞ þ iΣ00

mσ;m0σ0ðωÞ in spin-orbital space, extending
the solver of Ref. [9] to deal explicitly with the SO term; Σ0

is the real and Σ00 the imaginary part of the self-energy. The
calculations with SO coupling are performed in the basis
j ~miσ ¼ T̂jmiσ, where the unitary operator T̂ is chosen such
that the local imaginary-time Green function matrix is real.
In the rest of the Letter, for calculations with SO coupling,
the elements of the self-energy matrix are given in the j ~miσ
basis; since T̂ only changes the phases [39] but does not
mix orbitals, we rename for simplicity j ~miσ as jmiσ .
First, let us analyze the LDA results without SO

interaction [Fig. 1(a)]. Our results agree very well with
previous theoretical works [22,23,40,41]. Compared with
ARPES data, LDA describes well the α and γ sheets, and in
particular the region around the M point of the γ sheet.
There are two major discrepancies. First, the LDA β and γ
sheets cross, differently than in ARPES. Second, the area
enclosed by the β sheet is larger in LDA than in ARPES.
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effects of spherical Coulomb terms

• O(3) Coulomb tensor enhances crystal-field splitting

• this shrinks β sheet and enlarges γ sheet 

• O(3) Coulomb tensor enhances spin-orbit coupling
• improved agreement  along 𝛤-M

• further shrinks β sheet and enlarges γ sheet 

• better β sheet and worse γ sheet 

• very good β sheet and very bad γ sheet 

a crucial mechanism is still missing



is the Coulomb interaction spherical?

the bare Coulomb interaction is spherical

but the screened interaction has the symmetry of the site

Ru D4h

theoretical problems in dealing with these terms:

• need generalized code 

• double counting correction

for the latter, we extended the around mean-field approximation



results with D4h terms

cRPA

cRPA  value:
J. Mravlje, et al., Phys. Rev. Lett 106, 096401 (2011)

main term is ΔU=Uxy,xy-Uxz,xz



effects of Coulomb tensor

• O(3) Coulomb tensor enhances crystal-field splitting

• this shrinks β sheet and enlarges γ sheet 

• O(3) Coulomb tensor enhances spin-orbit coupling
• improved agreement  along 𝛤-M

• further shrinks β sheet and enlarges γ sheet 

• better β sheet and worse γ sheet 

• very good β sheet and very bad γ sheet 

• D4h Coulomb term reduces crystal field enhancement

• very good β sheet and very good γ sheet 



all effects together 

Phys. Rev. Lett. 116, 106402 (2016)



implications for superconductivity

Spin-Orbital Entanglement and the Breakdown of Singlets and Triplets in Sr2RuO4
Revealed by Spin- and Angle-Resolved Photoemission Spectroscopy
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Spin-orbit coupling has been conjectured to play a key role in the low-energy electronic structure of
Sr2RuO4. By using circularly polarized light combined with spin- and angle-resolved photoemission
spectroscopy, we directly measure the value of the effective spin-orbit coupling to be 130! 30 meV. This
is even larger than theoretically predicted and comparable to the energy splitting of the dxy and dxz;yz
orbitals around the Fermi surface, resulting in a strongly momentum-dependent entanglement of spin and
orbital character in the electronic wavefunction. As demonstrated by the spin expectation value hs⃗k · ⃗s−ki
calculated for a pair of electrons with zero total momentum, the classification of the Cooper pairs in terms
of pure singlets or triplets fundamentally breaks down, necessitating a description of the unconventional
superconducting state of Sr2RuO4 in terms of these newly found spin-orbital entangled eigenstates.

DOI: 10.1103/PhysRevLett.112.127002 PACS numbers: 74.25.Jb, 74.20.Rp, 74.70.Pq, 79.60.-i

After a flurry of experimental activity [1–5], Sr2RuO4

has become a hallmark candidate for spin-triplet chiral
p-wave superconductivity, the electronic analogue of
superfluid 3He [6–8]. However, despite the apparent
existence of such a pairing, some later experiments
[9–11] do not fully support this conclusion, as they cannot
be explained within a theoretical model using spin-triplet
superconductivity alone [12]. A resolution might come
from the inclusion of spin-orbit (SO) coupling, which has
been conjectured to play a key role in the normal-state
electronic structure [13] and may be important when
describing superconductivity as well. By mixing the
canonical spin eigenstates, the relativistic SO interaction
might play a fundamental role beyond simply lifting the
degeneracy of competing pairing states [13–17].
Thus far, the experimental study of SO coupling’s effects

on the electronic structure of Sr2RuO4 has been limited to
the comparison of band calculations against angle-resolved
photoemission spectroscopy (ARPES) [13,18–21] – no
success has been obtained in observing experimentally
either the strength of SO coupling or its implications for the
mixing between spin and orbital descriptions. Here we
probe this directly by performing spin-resolved ARPES
[22], with circularly polarized light: by using the angular
momentum inherent in each photon—along with electric-
dipole selection rules [23]—to generate spin-polarized
photoemission from the SO mixed states. Combined with
a novel spin- and orbitally-resolved ab initio based tight-

binding (TB) modeling of the electronic structure [24],
these results demonstrate the presence of a nontrivial spin-
orbital entanglement over much of the Fermi surface, i.e.,
with no simple way of factoring the band states into the
spatial and spin sectors. Most importantly, the analysis of
the corresponding Cooper pair spin eigenstates establishes
the need for a description of the unconventional super-
conductivity of Sr2RuO4 beyond the pure spin-triplet
pairing, contrary to what is commonly assumed.
In Sr2RuO4 the calculated effective SO coupling is small

(ζeff ∼ 90 meV at the Γ point) with respect to the band-
width (∼3 eV) of the Ru-t2g orbitals, which define the α, β,
and γ conduction bands. Nevertheless, its influence always
becomes important whenever bands would be degenerate in
the absence of SO, either by symmetry or accidentally. This
happens at several places in the three-dimensional Brillouin
zone, as demonstrated in Figs. 1(a), 1(b) where we show a
comparison of the ab initio-TB band structure and Fermi
surface calculated both with (color) and without (black) SO
coupling included [24]. In the absence of SO, by symmetry
the dxz and dyz bands would be degenerate along the entire
kz momentum path from Γ to Z [Fig. 1(a)]. Additionally,
there are accidental degeneracies along the kz ¼ 0 path
from Γ to X, where the bands of dxz;yz and dxy character all
cross at momenta near (2π=3, 2π=3)—the exact location of
which varies with kz but often occurs at the Fermi level
[Figs. 1(a), 1(b)]. At all these locations SO coupling
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Ca2RuO4: metal-insulator transition

Destruction of the Mott insulating ground state of Ca2RuO4 by a structural transition

C. S. Alexander, G. Cao, V. Dobrosavljevic, S. McCall, and J. E. Crow
National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310

E. Lochner
Center for Material Research and Technology, Florida State University, Tallahassee, Florida 32306

R. P. Guertin
Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155

!Received 9 June 1999"

We report a first-order phase transition at TM!357 K in single-crystal Ca2RuO4, an isomorph to the super-
conductor Sr2RuO4. The discontinuous decrease in electrical resistivity signals the near destruction of the Mott
insulating phase and is triggered by a structural transition from the low-temperature orthorhombic to a high-
temperature tetragonal phase. The magnetic susceptibility, which is temperature dependent but not Curie-like
decreases abruptly at TM and becomes less temperature dependent. Unlike most insulator to metal transitions,
the system is not magnetically ordered in either phase, though the Mott insulator phase is antiferromagnetic
below TN!110 K. #S0163-1829!99"52536-8$

The highly extended d shells of the 4d and 5d transition-
metal cations in transition-metal oxides !TMO’s" suggest a
priori a weaker intra-atomic Coulomb interaction, U, relative
to the 3d TMO’s. Within the Mott-Hubbard model this alone
would suggest metallic behavior, with U/W"1, W being the
bandwidth, proportional to the near-neighbor hopping prob-
ability. On the other hand, the extended d shells suggest a
robust interaction between d orbitals and nearest-neighbor
oxygen orbitals, and as a result some 4d and 5d TMO’s have
a tendency to form structures which are distortions of the
more ideal generic structure, such as the K2NiF4 structure on
which the subject of this report is based. In these cases the
M-O-M bond angle may be considerably less than the ideal
180° and this generally implies insulating behavior because
of a narrowing of the d-electron bandwidth.1 Given the com-
petition between these two effects, it is not surprising that
some 4d and 5d TMO’s verge on the interface between
metal and insulator with U/W%1. Owing to such a sensitive
U/W ratio, small perturbations, such as slight alterations of
crystal structure, dilute doping, etc., can readily tip the bal-
ance across the metal-nonmetal boundary, with resultant pro-
nounced changes in physical properties. This feature has
been well illustrated in recent studies on layered ruthenates
and iridates.2–4
In this paper, we report a strongly first-order phase tran-

sition at ambient pressure from a low-temperature ortho-
rhombic Mott insulating phase to a high-temperature tetrag-
onal ‘‘near’’ metallic phase at TM!357K in stoichiometric
single-crystal Ca2RuO4. Much of the interest in Ca2RuO4
derives from it being isostructural with Sr2RuO4, the only
noncuprate superconductor with a high Tc cuprate structure.5
In contrast to spontaneous metal-insulator transitions which
normally accompany a transition from low-temperature anti-
ferromagnetism to paramagnetism #e.g., TM!150K in V2O3
!Ref. 6" and TM!48K in Ca3Ru2O7 !Ref. 2"$, Ca2RuO4 is
paramagnetic on both sides of the transition, with well de-
fined magnetic moments associated with the Ru ions. !Anti-

ferromagnetic coupling exists only below TN!110K.) We
propose that the origin of the transition is an energy balanc-
ing tradeoff between the saving of elastic energy as the sys-
tem transforms from a state of low to higher symmetry at the
expense of electronic energies from a phase of high resis-
tance, low entropy to a phase of lower resistance, higher
entropy.
The results of x-ray diffraction !lattice parameters", elec-

trical resistivity and magnetization are presented as a func-
tion of temperature for 70"T"600K in single-crystal
Ca2RuO4,3,8 which belongs to the layered Ruddlesden-
Popper series with a single Ru-O layer in the unit cell. Our
motivation for this study extends from prior work where the
resistivity of Ca2RuO4 was found to decrease by an astonish-
ing eight orders of magnitude !from 1010 to 100 & cm be-
tween 70"T"300K).3 This suggested a rapid temperature-
driven decrease in U/W , which could eventually lead to an
insulator-to-metal transition at a more elevated temperature.
The transition is also predicted by a simple extrapolation of
the temperature-dependent neutron scattering studies of
Braden et al.9
Based on reported studies on Ca2RuO4 to date, a few ma-

jor features are known:3,8,9 !1" It has a distorted K2NiF4
structure with large rotations and tilts of the RuO6 octahedra
compared to Sr2RuO4 due to the smaller ionic radius of Ca;
!2" it appears to be a Mott insulator below T!300K with a
narrow gap of about 0.2 eV, as determined from both
transport3 and optical measurements;10 !3" it is antiferromag-
netically ordered below TN!110K; and !4" the magnetic
moment (%0.4'B /Ru at 30 T" is low compared to the other
Ca and Sr ruthenates3 which have moments closer to the
2.0'B /Ru expected for the low spin (S!1) state of the
Ru4#(4d4) configuration.
Single crystals of Ca2RuO4 were grown in Pt crucibles

using a flux technique described elsewhere.2 X-ray diffrac-
tion for 90"T"400K was performed on powdered single
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crystals using Siemens !!2! and !!! diffractometers
with low- and high-temperature attachments. The metric re-
finement was carried out using 21 reflections. Resistivity was
measured with a standard four probe technique and magne-
tization with a commercial superconducting quantum inter-
ference device magnetometer. All results of x-ray diffraction
and energy dispersive x-ray "EDX# indicate that the crystals
studied are pure, without any second phase.
Shown in Fig. 1"a# is the temperature dependence of the

lattice parameters for 90"T"400K revealing a sharp tran-
sition near TM#357K from a low-temperature orthorhombic
phase to a high-temperature tetragonal phase. The results for
T"300K agree reasonably well with those described in Ref.
9, which were derived from neutron measurements on poly-
crystalline Ca2RuO4 for 11"T"300K. The phase transition
is well characterized by splittings of (l00) or "0k 0# peaks in
the temperature-dependent diffraction patterns. Below TM ,
the a axis decreases whereas the b axis increases. As tem-
perature decreases over the interval from 400 to 90 K, the a
axis contracts by 1.5% and the b axis expands by 3%. The
positive and negative thermal expansion coefficients derived
from the temperature dependence of the lattice parameters
not only indicate an increasingly strong orthorhombic distor-
tion in the Ru-O plane but also are conspicuously large, i.e.,
one order of magnitude larger than those for other related
compounds such as Sr2IrO4,11 and SrRuO3,12 CaRuO3,12 and
Sr2RuO4,13 which do not undergo first-order phase transi-
tions. The lattice volume is also substantially changed by
1.3% $see Fig. 1"b#%. It is therefore not surprising that such a
drastic structural change is even macroscopically visible:
The crystals shatter when heated through the transition tem-
perature. "The shattering makes the resistivity measurements
a difficult task: The measurements had to be performed on
extremely small residual pieces of shattered crystals which
are about 0.3$0.3$0.1mm3.)

Although the sensitivity of our powder x-ray diffraction
data is not sufficient to obtain a complete structural determi-
nation, the phase transition at T#357K is most likely caused
by a rotation and tilt of the RuO6 octahedra. According to the
results in Ref. 9, the presence of the orthorhombic distortion
below T#300K is due to a combination of a rotation of the
RuO6 octahedra around the c axis "11.8°# and a temperature-
dependent tilt of the Ru-O basal planes "11.2°–12.7°#. A
similar structural phase transition due to basal plane tilting is
also observed in isomorphic compounds La2NiO4 and
La2CuO4 although the orthorhombic distortion is much less
severe14 and there is no corresponding impact on the electri-
cal conductivity.
Figure 2 shows electrical resistivity, &(T), in the ab plane

as a function of temperature for 70"T"600K. "The resis-
tivity results up to room temperature as well as those of the
magnetic properties for 10"T"300K agree reasonably well
with those of Ref. 8 for the ‘‘S’’ phase.# An abrupt transition
from an insulating state to a nearly metallic state occurs at
TM#357K, simultaneous with the structural transition. The
sudden decrease in & by a factor of 3.5 at the transition
observed in several well-characterized crystals results in a
pronounced discontinuity "see inset# indicating a robust first-
order transition and unambiguously characterizes a discon-
tinuous alteration in the d-band structure typical of a metal-
insulator transition. Below the transition, &(T) rises rapidly,
increasing eight orders of magnitude over a relatively narrow
temperature interval. More remarkably, &(T) can be well fit
for 70"T"300K to variable-range hopping or the Efros-
Shklovskii mechanism given by &(T)#A exp(T0 /T)' with '
#1/2. We note a discontinuity in d&/dT at T(250K
$though not in &(T)% in the c-axis resistivity of the isostruc-
tural system (La1!xSrx)2CuO4 for x(0.10, presumably due
to a change in incoherent hopping.15
We note that the metallic state is not fully realized above

the transition. For this system, the ‘‘near’’ metallic behavior
may, in fact, be an artifact of the required method of mea-
surement, i.e., the temperature must be increased from room
temperature through TM , and some microcracking of the
sample occurs as evidenced by the inability to reproduce all
the data upon lowering the temperature. In lightly La-doped
samples, "Ca1!xLax)2RuO4 for x"0.05 "unpublished data#,
where TM is below room temperature, all samples show clear
metallic behavior as temperature is reduced through TM ,

FIG. 1. Temperature dependence of lattice parameters for 90
"T"400 K for the powdered single-crystal Ca2RuO4.

FIG. 2. Electrical resistivity &(T) for the ab plane as a function
of temperature for 70"T"600 K. Inset: Detail of the abrupt jump
in &(T) near the transition at TM#357 K.
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which remains a first-order transition to an insulating phase.
Then upon raising the temperature through TM , ‘‘near’’ me-
tallic behavior is observed. Such behavior is not limited to
this system. ‘‘Near’’ metallic behavior is seen in
(V1!xCrx)2O3, for Cr concentrations very close to that
which completely suppresses the metallic phase !Ref. 7, Fig.
6.3". Although due to different causes, # above the Verwey
transition at T"120K in Fe3O4 is surprisingly similar to that
observed in Fig. 2.7,16 !See also Ref. 17, Sec. IV."
Figure 3 shows the magnetic susceptibility defined as

M /H vs temperature for the field along the ab plane, featur-
ing the antiferromagnetic transition at TN"110K.3,8 At T
"357K there is a small yet well defined anomaly. While the
shape might suggest the onset of ferromagnetism, there is
neither hysteresis nor negative curvature of the isothermal
magnetization normally expected for a ferromagnet for T
#357K !see inset to Fig. 3", so the system remains paramag-
netic through the structural/metal insulator transition.
It is puzzling that M /H vs T is effectively ‘‘negative lin-

ear’’ for 130#T#350K, clearly not Curie-Weiss !CW"-
like. Nakatsuji, Ikeda, and Maeno observed a similar effect.8
The sample volume changes extensively $$1.3%—see Fig.
1!b"% over this temperature interval. However, a simple in-
crease in volume should reduce &(T) slightly, retaining CW
behavior.18 We postulate, therefore, that the unstable lattice
structure and the concomitant change in band structure is
indirectly responsible for the anomalous behavior: The mag-
netic moment at individual sites is probably a strong function
of bandwidth !hopping probability". This instability drives a
strong temperature dependence of the M-O-M bond angle,
which controls the bandwidth and indirectly the individual
site moments. This is somewhat analogous to the case for
paramagnetic a-Y!Fe" alloys19 where temperature-dependent
spin fluctuations link anomalous &(T) with large volume
changes.
The sharp peak in M /H at TN"110K is attributed to an

antiferromagnetic transition, but no corresponding change in
# is discerned.3 This is understandable because for an anti-
ferromagnetic insulator the magnitude of the Hubbard gap is
not greatly affected through TN !Ref. 7, p. 137". The spin
structure associated with this Neel phase is quite sensitive to
impurity doping: 1% La doping for Ca, for instance, can

effectively alter the spin configuration from antiferromag-
netic to apparent ferromagnetic coupling, with a Curie tem-
perature TC"135K.
While it cannot be totally ruled out that the abrupt change

in resistivity at TM merely reflects a massive change in in-
coherent hopping conductivity at a structural transition and
hence not a true metal-insulator transition, the confluence of
structural, transport, and magnetic anomalies at this first-
order transition, coupled with the anomalous magnetization
for T#TM suggests otherwise. In Ca2RuO4 the low-
temperature phase, TN#T#TM , is characterized by a rela-
tively small electronic gap in N(E) !'0.2 eV" due to the
rotation and tilt of the RuO6 octahedra, which is known to
minimize the total energy of the system. If the gain in elastic
energy, EE , is larger than the loss of the electronic coher-
ence energy, then the system will be a paramagnetic Mott
insulator at low temperatures. One expects the EE gain to be
reduced as the temperature is increased, and the associated
rotation or tilt angle ( will decrease. As a result, the elec-
tronic bandwidth W'cos !(/2" will increase to the point that
it will be more favorable for the system to transform to a
metallic !correlated Fermi liquid" state. Thus, the thermally
induced vibrations will reduce the overall distortion of the
RuO6 octahedra, and ultimately increase the electronic band-
width and stabilize a paramagnetic metallic state at high tem-
peratures. This structurally driven Mott transition can be
straightforwardly modeled by extending the existing models
to incorporate the relevant coupling to elastic degrees of
freedom.
We emphasize that the transition at TM"357K is not

driven or even indirectly influenced by a magnetic ordering
instability, which in the case of antiferromagnetism and the
associated band splitting may help stabilize a low tempera-
ture insulator, as recognized early by Slater. Of course, at the
lower temperatures one does expect exchange coupling be-
tween the localized magnetic moments in the insulator which
will lead to an antiferromagnetically ordered state, and in-
deed such a Neel phase is observed below TN"110K. The
opposite type of temperature-driven metal-insulator transi-
tion from high-temperature paramagnetic insulator to a lower
temperature paramagnetic metal has been experimentally ob-
served in (V1!xCrx)2O3 for x"0.51.6,7 The lower tempera-
ture metallic state is viewed as a highly correlated Fermi
liquid characterized by a large effective mass m* and a
low coherence temperature T*'(m*)!1. At temperatures
T%T*, a transition to a paramagnetic insulating state is
predicted, where electrons become localized magnetic
moments.
The dynamical mean field theory describing the above

transition requires an electronic system with a fixed band-
width, W and an on-site Coulomb repulsion U which is a
function of temperature. In real systems the W can also be a
strong function of temperature as described above. Conse-
quently, in Ca2RuO4, where the sequence of phases is re-
versed, strong temperature dependence to the bandwidth may
drive the transition. Evidence that the bandwidth has such
temperature dependence comes from two sources: First, the
M-O-M bond angle is a strong controller of bandwidth1—the
smaller the angle, the narrower the band. For Ca2RuO4, the
M-O-M bond angle at T"11K is only 151°, far from the
ideal 180°. This angle increases with increasing temperature,

FIG. 3. Magnetic susceptibility defined as M /H for the ab plane
as a function of temperature for 2#T#400 K. Inset: Isothermal
magnetization vs magnetic field up to 7 T at T"260 K.
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et al.13 In addition the tilt and rotation angles together with
the deformation of the octahedron basal plane are depicted.
At low temperature and for decreasing Sr concentration, one
passes from the undistorted K2NiF4 structure in pure
Sr2RuO4, space group I4/mmm , to a simple rotation
I41 /acd in agreement to the low lying rotation mode in the
pure compound.24 An estimated boundary is included in the
diagram in Fig. 10, though the transition is found to exhibit
order-disorder character. For a Sr concentration of x!1.5
only diffuse scattering representative of a short range rota-
tional distortion is present. For x!1.0 the rotational angle
already amounts to 10.8°; the rapid suppression of the struc-
tural distortion in Sr-rich samples appears to be extraordi-
nary it might hide some further effect. For much smaller Sr
content, near x!0.5, a combination of rotation and small tilt
is found. This is realized either in a subgroup of I41 /acd or
in Pbca . Further decrease of the Sr-content leads finally to

the combination of the rotation and the large tilt in the
S-Pbca phase. The Sr dependence of the tilt and rotation
angles is resumed in Fig. 11. Most interestingly all these
structural transitions are closely coupled to the physical
properties.
The purely rotational distortion should be related to the

c-axis resistivity since it modifies the overlap of the O orbit-
als in the c direction. This rotation phase becomes unstable
against the tilt for Sr concentrations lower than 0.5, since in
the single crystal with x!0.5 only a minor distortion has
been observed, which remained undetectable in the powder
sample. For the Sr concentration of x!0.2 we already find
tilt angles of about 7° at low temperature by powder neutron
diffraction. Near x!0.5 there is hence the quantum critical
point of the continuous tilt transition which coincides with a
maximum in the low temperature magnetic susceptibility.
For x!0.5, Nakatsuji et al. report a low-temperature mag-
netic susceptibility about 100 times larger than that of pure
Sr2RuO4.13 This suggests that the low-lying tilt modes are
strongly coupled to the magnetism. This interpretation is fur-
ther supported by the fact that in all magnetically ordered
structures x!0.0, x!0.1, and in Ca2RuO4.07, the spin direc-
tion is parallel to the tilt axis in spite of a different octahe-
dron shape as it is schematically drawn in Fig. 10. Decrease
of the Sr content below x!0.5 stabilizes the tilt and causes a
maximum in the temperature dependence of the susceptibil-
ity at T!TP , indicated in Fig. 10.13 TP , however, does not
coincide with the structural transition from I41 /acd to the
tilted phase but is much lower. We speculate that the suscep-
tibility maximum arises from an increase of antiferromag-
netic fluctuations induced by the tilt.
There is another anomalous feature in the temperature de-

pendent susceptibility of samples with 0.2"x"0.5: Nakat-
suji et al. find a strong magnetic anisotropy between the a
and b directions of the orthorhombic lattice.13 In relation to
the magnetic order in the insulating compounds it appears
again most likely that the tilt axis, which is parallel b, is the
cause of the huge anisotropy. However, there might be an

FIG. 10. Phase diagram of Ca2#xSrxRuO4 including the differ-
ent structural and magnetic phases and the occurrence of the
maxima in the magnetic susceptibility !Ref. 13". In the lower part,
we schematically show the tilt and rotation distortion of the octa-
hedra #only the basal square consisting of the Ru !small points" and
the O!1" !larger points" is drawn$ together with the elongation of
the basal planes. Note that all phases are metallic except for
S-Pbca .

FIG. 11. The Sr concentration dependence of the tilt %-O!1"
and %-O!2" and rotation angle & in Ca2#xSrxRuO4. The filled sym-
bols denote the results obtained at T!300 K !those with brackets
are obtained at T!400 K" and the open symbols are those at T
!10 K, the dashed line indicates the critical concentration below
which one observes the insulating S-Pbca phase at low tempera-
ture.
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Orbital-selective Mott-insulator transition in Ca2−xSrxRuO4
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Abstract. The electronic structures of the metallic and insulating phases of the alloy series Ca2−xSrxRuO4

(0 ≤ x ≤ 2) are calculated using LDA, LDA+U and Dynamical Mean-Field Approximation methods. In
the end members the groundstate respectively is an orbitally non-degenerate antiferromagnetic insulator
(x = 0) and a good metal (x = 2). For x > 0.5 the observed Curie-Weiss paramagnetic metallic state which
possesses a local moment with the unexpected spin S = 1/2, is explained by the coexistence of localized
and itinerant Ru-4d-orbitals. For 0.2 < x < 0.5 we propose a state with partial orbital and spin ordering.
An effective model for the localized orbital and spin degrees of freedom is discussed. The metal-insulator
transition at x = 0.2 is attributed to a switch in the orbital occupation associated with a structural change
of the crystal.

PACS. 75.30.-m Intrinsic properties of magnetically ordered materials – 75.50.-y Studies of specific
magnetic materials

1 Introduction

The discovery of unconventional superconductivity in
Sr2RuO4 [1,2] has evoked considerable interest in the elec-
tronic properties of ruthenates. Curiously the substitution
of the smaller Ca2+-ions for Sr2+-ions does not lead to
a more metallic state but to an antiferromagnetic (AF)
Mott insulator with a staggered moment of S = 1 as ex-
pected for a localized Ru4+-ion which has 4 electrons in
the t2g-subshell. As will be discussed below, this insulat-
ing behavior is driven by a crystallographic distortion and
a subsequent narrowing of the Ru-4d bands. The com-
plete series of isoelectronic alloys for intermediate con-
centrations has recently been synthesized and studied by
Nakatsuji and Maeno [3,4]. This gives a rare opportunity
to examine the evolution of the electronic structure from a
multi-band metal to a Mott-insulator transition in an iso-
electronic system. The evolution is not at all monotonic
and the metal-insulator transition does not take place as
a simple Mott transition but proceeds through a series of
intermediate regions with unexpected behavior.

The most dramatic example is the system at a con-
centration x = xc = 0.5. At this critical concentration
the susceptibility shows a free Curie form with a S = 1/2
moment (not S = 1) per Ru-ion coexisting with metal-
lic transport properties. This critical concentration repre-
sents the boundary of the paramagnetic metallic region
which evolves as Ca is substituted in the good metal,

a e-mail: sigrist@itp.phys.ethz.ch

Sr2RuO4. At higher Ca concentrations (xc > x > 0.2), the
alloys enter a region with AF correlations at low tempera-
ture but still with metallic properties. Insulating behavior
appears only at smaller values of x < 0.2. The challenge
that we address in this paper, is to understand this unex-
pected and nonmonotonic evolution and in particular the
exotic behavior in the vicinity of the critical concentration
at x ≈ xc.

We begin by discussing the end members. Sr2RuO4 is
a good metal. Its Fermi surface has been determined by de
Haas-van Alphen experiments [7] and agrees very well with
the predictions of the local density approximation (LDA)
in the density functional theory [8]. Ca2RuO4 is a AF Mott
insulator and it can be well described by augmenting the
LDA by a mean field to include the onsite correlation —
the so-called LDA+U method [9]. The third section of this
paper is devoted to the examination of the intermediate
concentrations by performing calculations for a series of
characteristic x-values. The most challenging is the region
x ≈ xc = 0.5 where there are strong correlations but no
symmetry breaking so that both LDA and LDA+U are in-
applicable. At this concentration we employ the recently
developed ab initio computational scheme combining lo-
cal density approximation and dynamical mean field the-
ory [10–12] (LDA+DMFT) [13,14]. We use LDA calcula-
tions to determine the input parameters in the effective
Anderson impurity model which in turn is treated using
a non-crossing approximation (NCA) [15]. These calcula-
tional schemes give us reliable information on the evolu-
tion of the electronic distribution among the 3 orbitals in
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Fig. 6. Results of LDA+DMFT(NCA) calculations obtained
within LDA DOS for Sr2RuO4. The solid line is the DOS for
xz, yz-orbitals and the dashed line for (xy)-orbital. At U =
1.5 eV the xz, yz-orbitals become localized. At U = 2.5 eV
additionally the localization of xy-orbital occurs. The Fermi
energy is defined to be zero and was adjusted to conserve the
number of particles (4 electrons per site).

an expansion around an infinite coordination number and
formulates the problem in terms of an effective Anderson
impurity model which is to be solved self-consistently. In
this way the growth of onsite correlations can be treated
as the Mott transition is approached in a paramagnetic
metal. Recent advances use LDA calculations to determine
the input parameters and a non-crossing approximation
(NCA) to solve the effective Anderson model.

We performed a series of calculations using this LDA
+ DMFT (NCA) approximation scheme [26,27] for the
Sr2RuO4 structure. We increased the value of Hubbard-
U to examine how the onsite correlations grow. Figure 6
shows a series of results for the density of states (DOS) in
the xy- and (xz, yz)-subbands. Since these subbands have
quite different widths, the onset of Mott localization oc-
curs at different critical values of U . Thus we see that as U
is increased through a value of U ≈ 1.5 eV there is a trans-
fer of electrons between the subbands so that the integer
occupancy of 3 electrons and Mott localization appears
in (xz, yz)-subbands while the broader half-filled xy-band
remains itinerant. This unusual behavior is driven by the
combination of the crystal field splitting, as shown in Fig-
ure 2 ((xz, yz) lower) and the narrower bandwidth of the

(xz, yz)-orbitals. A further increase in the value of U to
U ≈ 2.5 eV is required to obtain Mott localization also in
the xy-subband.

These results lead us naturally to the following pro-
posal to explain the anomalous properties in the criti-
cal concentrations x = xc. The electronic configuration
is now (3,1). The 3 electrons in the {xz, yz}-subbands are
Mott localized and have a local moment of S = 1/2. The
remaining valence electrons are in the itinerant xy-band
and is responsible for the metallic character. Thus at this
concentration we have the unusual situation of localiza-
tion in only part of the 4d-orbitals and coexisting localized
and itinerant 4d-orbitals. Note that in the orthorhombic
crystal structure at x = xc the 2 subbands have differ-
ent parity under reflection around a RuO2-plane, similar
to tetragonal Sr2RuO4, which forbids direct hybridization
between the subbands. This proposal explains in a natural
way the unexpected moment of S = 1/2 of the Ru-ions and
the coexistence of metallic behavior and local moments.

Note that the calculations are carried out more con-
veniently by increasing the value of the onsite repulsion,
U which however should not change appreciably with the
concentration, x. In reality it is the bandwidth which is
changing with the decreasing x as the RuO6-octahedra
progressively rotate when Ca is substituted for Sr. The
key result however is the existence of a parameter range
where this partial localization is stable. The fact that we
calculated only for the highly symmetric Sr2RuO4 struc-
ture, rather than the distorted structure is, we believe,
unimportant in establishing this (3,1) configuration as a
stable electronic configuration.

3.2 Region II (0.5 > x > 0.2)

At lower values of x we enter Region II (0.5 > x > 0.2)
characterized by a tilting plus rotation of RuO6-
octahedra. Ca1.8Sr0.2RuO4 has a low-symmetry crystal
structure with the space group P21/c [28], which can be
obtained from the tetragonal I4/mmm structure by ro-
tating and tilting of the RuO6-octahedra similar to pure
Ca2RuO4 but with a smaller tilting angle [28] (Fig. 4c).
There are now two types of in-plane oxygen ions and
two types inequivalent of RuO6-octahedra. The RuO6-
octahedra continue to be elongated in this region so that
the xy-orbital continues to lie higher in energy. The metal-
lic character of the alloys in this region shows that the itin-
erant character of the xy-subband is preserved, although
the bandwidth will be narrowed by the additional tilt-
ing distortion of the RuO6-octahedra. Our conclusion is
that the (3,1) orbital occupation continues to hold also
in Region II with localization of the electrons only in the
{xz, yz}-subband.

3.3 Region I (0.2 > x > 0) Ca-rich

The Ca-rich region is characterized by a transition to an
insulating groundstate and simultaneously a change in the
crystal structure. The S-Pbca structure of the groundstate

nxy=2.0  nxz+nyz=2 nxy=1.0  nxz+nyz=3
xy metallic
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Observation of a Novel Orbital Selective Mott Transition in Ca1:8Sr0:2RuO4
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We observed a novel orbital selective Mott transition in Ca1:8Sr0:2RuO4 by angle-resolved photoemis-

sion. While two sets of dispersing bands and the Fermi surface associated with the doubly degenerate dyz
and dzx orbitals are identified, the Fermi surface associated with the wider dxy band is missing as a con-

sequence of selective Mott localization. Our theoretical calculations demonstrate that this orbital selective

Mott transition is mainly driven by the combined effects of interorbital carrier transfer, superlattice

potential, and orbital degeneracy, whereas the bandwidth difference plays a less important role.

DOI: 10.1103/PhysRevLett.103.097001 PACS numbers: 74.70.Pq, 71.30.+h, 79.60.!i

Ca2!xSrxRuO4 is a fascinating 4d multiorbital system
that exhibits a rich and intricate phase diagram, ranging
from a chiral p-wave superconductor (Sr2RuO4) to a Mott
insulator (Ca2RuO4) [1,2]. Similary to the high-Tc cup-
rates, the metal-insulator transition under the influence of
electron correlations in the ruthenates is of fundamental
importance and currently under intensive debate. There is
accumulating experimental evidence for the coexistence of
local moments and metallic transport, and heavy fermion
behavior in the region of 0:2 " x " 0:5 [2–4], which is
remarkable because there are no f electrons in this mate-
rial. To account for the coexistence of localized and itin-
erant electrons in this region, the scenario of orbital se-
lective Mott transition (OSMT) has been proposed [5,6] as
following: Sr2RuO4 has three degenerated t2g orbitals (dxy,
dyz, and dzx) occupied by four 4d electrons. The isovalent
Ca substitute does not change the total carrier concentra-
tion, but rather increases the effective electron correlation
strength (Ueff) relative to the reduced bandwidth which is
induced by structural change due to the smaller ion radius
of Ca2þ. Consequently, it is possible that an OSMT takes
place in the narrower bands, i.e., the one-dimensional (1D)
dyz and dzx orbitals, where electrons undergo a Mott tran-
sition and become localized, while the electrons in the
wider two-dimensional (2D) dxy band remain itinerant. A
similar partial localization mechanism has been proposed
for some heavy fermion materials, e.g., UPd2Al3 [7].

While the concept of OSMT is of critical importance to
the multiorbital Mott Hubbard systems and has been
studied extensively in theory [5,6,8–10], it has not been
confirmed experimentally. Our previous angle-resolved
photoemission spectroscopy (ARPES) study [11] shows
that, for samples with x ¼ 0:5, the two 1D (! and ")
Fermi surface (FS) sheets are clearly ‘‘visible’’ as well as
that of the 2D (#) FS, although the latter is considerably
smeared and weaker in comparison to the case of Sr2RuO4.
This is in sharp contrast to the OSMT prediction that the

1D FS sheets become Mott localized. To check if the
OSMT occurs at a lower Sr concentration, we have con-
ducted ARPES experiments on high-quality single crystals
at x ¼ 0:2, grown by the floating zone technique [4].
Our experiments were performed at synchrotron undu-

lator beam lines (e.g., Wadsworth, U1-NIM, PGM at the
Synchrotron Radiation Center, Wisconsin), using a Scienta
SES-2002 electron analyzer. The energy and momentum
resolutions are 10–30 meV and 0:02 !A!1, respectively.
Samples were cleaved in situ and measured at 40 K in a
vacuum better than 1% 10!10 torr. The samples have been
found to be stable and without degradation for a typical
measurement period of 48 hours. Precise determination of
the low-energy electronic structure at this doping level is a
rather difficult and lengthy experiment due to a much
reduced ARPES spectral intensity in the vicinity of the
Fermi energy (EF) near the insulating phase. Several tech-
niques have been used to boost photoelectron signals,
including enhancement of the ARPES matrix elements
through fine-tuning of photon energy and measurements
at different Brillouin zones (BZs). Laue pictures have been
taken before the measurement to align the samples, and
LEED pictures of the surface have also been recorded.
These pictures, which are included in the supplementary
material [12], clearly indicate good quality of samples and
cleaved surfaces.
As shown in Fig. 1, strong spectral intensity and clear

dispersion similar to the case of Sr2RuO4 are observed in
the valence band of Ca1:8Sr0:2RuO4. However, the spec-
tral intensity near EF experiences dramatic reductions
as the Sr content x approaches 0.2, as demonstrated in
Fig. 1(c), reflecting the fact that the system is near an
insulating phase. To see clearly the low-energy excita-
tions, we zoom in to the binding energy range within
0.2 eV to EF, as plotted in Fig. 2. One can identify weak
but discernible peaks dispersing towards EF, as shown in
Figs. 2(c) and 2(d). Unlike Sr2RuO4, which has Fermi
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LDA+DMFT results

Nature of the Mott Transition in Ca2RuO4

E. Gorelov,1 M. Karolak,2 T. O. Wehling,2 F. Lechermann,2 A. I. Lichtenstein,2 and E. Pavarini1

1Institut für Festkörperforschung and Institute for Advanced Simulation, Forschungszentrum Jülich, 52425 Jülich, Germany
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We study the origin of the temperature-induced Mott transition in Ca2RuO4. As a method we use the

local-density approximationþ dynamical mean-field theory. We show the following. (i) The Mott

transition is driven by the change in structure from long to short c-axis layered perovskite (L-Pbca !
S-Pbca); it occurs together with orbital order, which follows, rather than produces, the structural

transition. (ii) In the metallic L-Pbca phase the orbital polarization is "0. (iii) In the insulating

S-Pbca phase the lower energy orbital, "xy, is full. (iv) The spin-flip and pair-hopping Coulomb terms

reduce the effective masses in the metallic phase. Our results indicate that a similar scenario applies to

Ca2#xSrxRuO4 (x $ 0:2). In the metallic x $ 0:5 structures electrons are progressively transferred to the

xz=yz bands with increasing x; however, we find no orbital-selective Mott transition down to "300 K.

DOI: 10.1103/PhysRevLett.104.226401 PACS numbers: 71.27.+a, 71.15.–m, 71.30.+h, 75.25.Dk

The layered perovskite Ca2RuO4 (Ru 4d4, t42ge
0
g) under-

goes a paramagnetic metal-paramagnetic insulator transi-
tion (MIT) at TMIT " 360 K [1]. A similar insulator-to-
metal transition happens also by application of a modest
("0:5 GPa) pressure [2] and finally when Ca is partially
substituted by Sr (Ca2#xSrxRuO4, x $ 0:2) [3,4]. The na-
ture of these transitions, in particular across x ¼ 0:2, has
been debated for a decade [5–13]. While it is clear that a
Mott-type mechanism makes the 2=3-filled t2g bands in-
sulating, two opposite scenarios, with different orbital
occupations n ¼ ðnxy; nxz þ nyzÞ and polarizations p (
nxy # ðnxz þ nyzÞ=2, have been suggested. In the first,
only the xy band becomes metallic; i.e., the transition is
orbital selective (OSMT) [5]; n and p jump from (2, 2) and
1 in the insulator to (1, 3) and #1=2 in the metal. In the
second, there is a single Mott transition, assisted by the
crystal-field splitting ! ¼ !xz=yz # !xy > 0 [13], similar to
the case of 3d1 perovskites [14]; p > 0 in all phases. To
date the issue remains open. Recently, for x ¼ 0:2 a novel
(xy insulating, nxy ¼ 1:5 and p ¼ 1=4) OSMT was in-
ferred from angle-resolved photoemission (ARPES) ex-
periments [7], but other ARPES data show three metallic
bands and no OSMT [8].

Ca2RuO4 is made of RuO2 layers built up of corner-
sharing RuO6 octhahedra (space group Pbca [3,15]). This
structure (Fig. 1) combines a rotation of the octahedra
around the c axis with a tilt around the b axis. It is similar
to that of the tetragonal unconventional superconductor
Sr2RuO4; the corresponding pseudotetragonal axes x, y,
and z are shown in Fig. 1. The structure of Ca2RuO4 is
characterized by a long c axis (L-Pbca) above TS " 356 K
and by a short one (S-Pbca) below TS. The L- and S-Pbca
phases are also observed in Ca2#xSrxRuO4 for all x $ 0:2,
but TS decreases with increasing x; for x > 0:2 the system
becomes tetragonal (for x < 1:5: I41=acd, c-axis rotations
only).

Because of the layered structure, the"xz, yz bandwidth,
Wxz=yz, is about one-half of the "xy bandwidth, Wxy.
Because of the structural distortions, the t2g manifold splits

into nondegenerate crystal-field states. Many-body studies
of 3-band Hubbard models show that a large difference in
bandwidths, a crystal-field splitting! and a finite Coulomb
exchange interaction can affect the nature of the Mott
transition [5,13,16]. Simple models neglect, however, the
actual effects of distortions on the electronic structure;
such effects could be crucial [14] to the mechanism of
the MIT. On the other hand, approximate treatments of the
many-body effects [6], or the neglect of the spin-flip and
pair-hopping contribution to the Coulomb exchange inter-

FIG. 1 (color online). Ca2RuO4 L-Pbca [3,15]. The primitive
cell is orthorhombic with 4 formula units; x" ðaþ bÞ=2, y "
ðb# aÞ=2, z ¼ c are the pseudotetragonal axes. Ru sites i at Ti

(i ¼ 2, 3, 4) are equivalent to site 1 at T1, with operations a !
#a (i ¼ 2), c ! #c (i ¼ 3), b ! #b (i ¼ 4), and Ti ! T1. In
the S-Pbca structure the tilting angle is about twice as large,
while the rotation angle is slightly smaller.
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no orbital-selective transition
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Strong Mass Renormalization at a Local Momentum Space in Multiorbital Ca1:8Sr0:2RuO4
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We have studied the mass renormalization in Ca2!xSrxRuO4 (x ¼ 0:2) using high-resolution angle-

resolved photoemission spectroscopy. We observed precise band dispersions near the Fermi level (EF) and

the corresponding Fermi surfaces. A characteristic flat band with#4 meV dispersion accompanying sharp

quasiparticle (QP) peaks shows up in a limited momentum region around (!, 0). The QP peak rapidly

evolves below the crossover temperature T$ ’ 20 K, which agrees well with the mass enhancement

behavior indicated by thermal, magnetic, and transport properties. We discuss the origin of the mass

renormalization in relation to the local flat band at (!, 0) possibly derived from the " (dxy) band.

DOI: 10.1103/PhysRevLett.102.086401 PACS numbers: 71.27.+a, 71.38.Cn, 79.60.!i

Single-layered ruthenate Ca2!xSrxRuO4 (0 % x % 2) is
a good class of material for studying Mott transitions in a
multioribital system [1,2]. Most metallic Sr2RuO4 behaves
as a well-formed Fermi liquid displaying spin-triplet super-
conductivity [3,4]. Its electronic structure near EF can be
characterized by two quasi-one-dimensional (1D) #=$
bands and a quasi-2D " band, respectively, originating
from dyz;zx and dxy orbitals mixed with O2p orbitals [5,6].
The other end-material Ca2RuO4, on the other hand, is a
Mott insulator with antiferromagnetic order [7]. By sub-
stituting isovalent Sr for Ca, the Mott-type insulator-metal
transition occurs at x ¼ 0:2 [1,2,8,9]. The metallic phase
on the verge of Mott transition (0:2 % x % 0:5) shows an
anomalous behavior with a Curie-Weiss-like local spin
moment, which does not order to the lowest temperature
(T) [1,2]. On cooling, specific heat, magnetic susceptibil-
ity, and transport properties show the signature of mass
enhancement below T$ ’ 20 K for x ¼ 0:2, indicating a
great resemblance to f-electron heavy-fermion (HF) sys-
tems [1,2]. Moreover, a metamagnetic transition with a
magnetic field of 2–6 T is known to occur in x ¼ 0:2 [2],
showing the ferromagnetic instability inherent in this
region.

To explain this bandwidth-controlled Mott transition
invoking such a rich electronic phase diagram, many theo-
retical studies have been provided thus far [10–15]. The
orbital selective Mott transition (OSMT) is one such
model, where the Mott gap first opens in narrower # and
$ bands at x ¼ 0:5 thus generating the local spin moments,
while the other " band with wider bandwidth keeps its
itinerancy until x ¼ 0:2 [11]. The detailed neutron [16,17]
and optical [18] studies at around x ¼ 0:5, however, show
that the localized state is rather related to " band, specifi-
cally, its van Hove singularity (VHS) around (!, 0) [10].
Moreover, 3 Fermi surfaces (FSs) remaining at x ¼ 0:5
were observed by previous high-resolution angle-resolved

photoemission spectroscopy (ARPES) studies [19], thus
calling the above OSMT scenario into question. More
recently, several theoretical studies focus on the role of a
" band strongly dependent on Ca doping through the t2g-eg
hybridization [14], or the interorbital charge transfer aris-
ing from doping-induced crystal-field splitting [15]. The
theoretical background for this multiorbital Mott transition
system thus still remains significantly controversial.
To evidently discuss the validity of the above scenarios

and clarify the origin of the mass enhancement arising in
this d-electron system, it is essential to directly investigate
the electronic structure around x ¼ 0:2, which is on the
phase boundary of Mott transition. In this Letter, we
present the T-dependent high-resolution ARPES results
on Ca1:8Sr0:2RuO4, which shows a strongly orbital- and
k-dependent band renormalization on cooling. We discuss
the role of a " band and its topology in relation to the mass
enhancement and associated phenomena.

Γ
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FIG. 1 (color). Mapping of ARPES spectral weight at EF from
Sr2RuO4 (a) and Ca1:8Sr0:2RuO4 (b). Three FSs composed of #,
$, and " bands in x ¼ 2:0 are respectively depicted by red, blue,
and green markers. FSs of x ¼ 0:2 (b) are shown by black
markers. ð0;'!Þ-ð!; 0Þ lines in (b) show the first Brillouin
zone boundary of x ¼ 0:2. The flat band region around (!, 0)
is shown by black broken lines.
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Spin-orbit coupling induced Mott transition in Ca2−xSrxRuO4 (0 ! x ! 0.2)
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We propose a mechanism for the paramagnetic metal-insulator transition in the layered perovskite
Ca2−xSrxRuO4 (0 ! x ! 0.2). The LDA+U approach including spin-orbit coupling is used to calculate the
electronic structures. In Ca2RuO4, we show that the spin-orbit effect is strongly enhanced by the Coulomb
repulsion, which leads to an insulating phase. When Ca is substituted by Sr, the effective spin-orbit splitting is
reduced due to the increasing bandwidth of the degenerate dxz and dyz orbitals. For x = 0.2, the compound is
found to be metallic. We show that these results are in good agreement with the experimental phase diagram.

DOI: 10.1103/PhysRevB.84.235136 PACS number(s): 71.30.+h, 71.15.Mb, 71.27.+a, 71.20.−b

I. INTRODUCTION

The layered perovskite Ca2−xSrxRuO4 (CSRO) has been
intensely studied during recent years since this series of
compounds exhibits a variety of interesting physical properties
as a function of the Sr concentration x.1–8 Sr2RuO4 is a
p-wave superconductor1,9 with a K2NiF4-type structure. The
substitution of Ca for Sr causes the RuO6 octahedra to rotate,
and start to tilt at x = 0.5.5 Following with the structure
distortion, CSRO undergoes a series of phase transition from a
paramagnetic metal (0.5 < x < 2) to a magnetic metal (0.2 <
x < 0.5), and finally to a Mott insulator (0 < x < 0.2).4 It is
unusual that in the Mott insulating regime the metal-insulator
transition temperature (TMI) is higher than the Néel temperature
(TN ) of the antiferromagnetic (AFM) phase, which shows
that a paramagnetic (PM) insulating phase exists between
these transition temperatures.5,10,11 For pure Ca2RuO4, the
PM insulating regime extends from TN = 110 K to TMI =
357 K.2,3,10 This property makes Ca2−xSrxRuO4 (0 < x <
0.2) different from other AFM Mott insulators.

Recently, Qi et al.12 found that the substitution of the
lighter Cr for the heavier Ru strongly depresses TMI in
Ca2Ru1−yCryO4 (0 < y < 0.13), which implies a possible
influence of the relativistic spin-orbit (SO) coupling on the
Mott transition as pointed out by the authors. It is well known
that SO coupling plays an important role in 5d transition-metal
oxides. For example, Kim et al.13 found that Sr2IrO4 is a
Jeff = 1/2 Mott insulator, and they showed that the unusual
insulating state can be explained by the combined effect of
the SO coupling and Coulomb interaction. In the 4d oxides,
the importance of SO coupling is under debate. Mizokawa
etal.14 observed strong SO coupling in Ca2RuO4 from their
photoemission experiment. Based this finding, they argued that
the strong SO coupling in Ca2RuO4 would cause a complex
electronic configuration. Theoretical studies revealed strong
SO effects in Sr2RuO4 and Sr2RhO4,15,16 which seemingly
support the photoemission experiment. In Sr3Ru2O7, some
authors also found that the Fermi surface is dramatically
changed by the SO coupling.17,18 However, Fang et al.19,20

applied LDA+U calcualtions including the SO coupling
to Ca2RuO4. They found that the AFM state has a rather
simple configuration xy ↑↓ xz↑ yz↑ without much influence
of the SO coupling. These seemingly inconsistent viewpoints
raise a question: What role does the SO coupling play in
CSRO?

In this paper we present electronic structure calculations for
Ca2−xSrxRuO4 using the LDA+U method including the SO
coupling. We show that the combination of the SO coupling
and Coulomb repulsion opens a band gap in PM Ca2RuO4. The
appearance of the Mott insulating phase is strongly dependent
on the tilting of the RuO6 octahedra, which naturally explains
the PM Mott transition in the experimental phase diagram. On
the other hand, we find that SO has much less influence on the
AFM order. We show that these phenomena can be explained
by a simple formalism.

All the calculations in this work were performed with the
full-potential linear augmented plane wave (FLAPW) within
the local-density approximation (LDA), as implemented in
package WIEN2K.21 Two experimental structures5 were con-
sidered in this work. For Ca2RuO4, we used the structure at
180 K, with the space group Pbca, lattice constant a = 5.394,
b = 5.600, and c = 11.765 Å.5 For Ca1.8Sr0.2RuO4, we used
the experimental structure at 10 K, but the substitution of Sr
for Ca is only taken into account via the structural changes.
Ca1.8Sr0.2RuO4 also has the space group Pbca but with
lattice constant a = 5.330, b = 5.319, and c = 12.409 Å.5 The
muffin-tin sphere radii of 1.9, 2.08, and 1.69 a0 are used for
Ru, Ca, and O, respectively. For the AFM state, we considered
the “A-centered” mode.3 The LDA+U calculations were
performed with U = 3.0 eV, which is similar to the value
used by Fang and co-workers.19,20 We will show that this U
value can reproduce the measured band gap in Ca2RuO4.

II. RESULTS AND DISCUSSION

A. Paramagnetic Mott transition in Ca2RuO4

Experiment has emphasized that the Mott transition in
Ca2RuO4 at TMI = 357 K is not driven by magnetic ordering
instability.11 In this paper, we focus on the PM Mott transition
in Ca2RuO4.

Figure 1 displays the theoretical band structures for PM
Ca2RuO4 using different approximations. The LDA band
structure is presented in Fig. 1(a). As shown in the previous
band-structure calculations,22–25 in Ca2−xSrxRuO4 the bands
crossing the Fermi level come from the hybridization of Ru-t2g

and O-p orbitals. Figure 1 mainly shows the Ru-t2g bands,
which contain four d electrons per Ru4+. Compared with
Ca2RuO4, Sr2RuO4 has a simpler band structure. Sr2RuO4
has the space group of I4/mmm and contains one Ru atom
per unit cell. The band structure of Sr2RuO4 is composed of
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FIG. 1. Theoretical band structures for paramagnetic Ca2RuO4

using different approximations, (a) LDA, (b) LDA+SO, (c) LDA+U ,
and (d) LDA+U+SO. The LDA+U and LDA+U+SO band struc-
tures are calculated with U = 3.0 eV.

the two-dimensional xy band and the one-dimensional xz and
yz bands.22,23 In Ca2RuO4, the unit cell is

√
2 ×

√
2 × 2 larger

than the one in Sr2RuO4 because of the structural distortion.
The basic band structure of Ca2RuO4 is due to the Sr2RuO4
bands folded into the

√
2 ×

√
2 × 2 supercell. Meanwhile, the

distortion of the RhO6 octahedron shows prominent influence
on the band structure. One major effect is the narrowing of
the t2g bandwidth. As shown in Fig. 1(a), the t2g bandwidth in
Ca2RuO4 is 2.5 eV, while it is about 3.5 eV in Sr2RuO4.22,23

The second effect is the hybridization of the t2g bands, which
partly breaks the degeneracy of the xz/yz bands. As shown In
Fig. 1(a), the 12 bands on the ! point are well separated.

Figure 1(b) presents the LDA+SO band structure for PM
Ca2RuO4. The inclusion of the SO coupling only shows some
slight changes on the band structure. This is not surprising
since the SO coupling constant ζ in Ca2RuO4 is presumably
similar to the one in Sr2RuO4, where it is only about 93 meV.15

In the LDA+SO (and LDA+U+SO) calculation, spin polar-
ization is allowed. The initial magnetic moment was set to zero,
and the calculation converged to m = 0 solution. Although the
total orbital magnetic moment is 0, the orbital moment for a
specific spin channel is nonzero. The LDA+SO calculation
shows that the orbital moment for the spin-up (-down) channel
is −0.17 (0.17)µB . This partial orbital moment can be regarded
as a sign for the strength of the SO effect.

Figure 1(c) presents the LDA+U band structure. The
LDA+U band structure shows little difference from the LDA
result since there is no orbital symmetry breaking in the
paramagnetic state. Surprisingly, the combined interaction
of the SO coupling and Coulomb repulsion gives a very
different band structure compared with the LDA, LDA+SO,
or LDA+U results. The LDA+U+SO band structure [Fig.
1(d)] indicates an insulating phase with a gap about 0.2 eV
wide. The band gap obtained from the chosen U is in good
agreement with the experimental data.2,26 In the LDA+U+SO
calculation, the partial orbital moment is found to be −0.56
(0.56)µB for the spin-up (-down) channel, which signifies that
the SO effect is strongly enhanced by the inclusion of Coulomb
repulsion.

A similar combined effect of the SO coupling and U has
been found in Sr2RhO4,16 where it was termed Coulomb-
enhanced spin-orbit split t ing. Sr2RhO4 has a similar
crystal structure to Ca2−xSrxRuO4, and it can be regarded as
a two-band (xz and yz) system since the xy band is below the
Fermi level due to the RhO6 rotation.27,28 The simpler problem
of Sr2RhO4 can help us to understand the LDA+U+SO band
structure of Ca2RuO4. In Sr2RhO4, the SO coupling splits the
degenerate xz and yz bands to the higher χ±3/2 bands and
lower χ±1/2 bands, where

χ3/2 = (xz + iyz) ↑ , χ−3/2 = (xz − iyz) ↓ ,

χ1/2 = (xz + iyz) ↓ , χ−1/2 = (xz − iyz) ↑ .

This splitting happens around the Fermi level, and therefore
the occupancies of the χ±3/2 and χ±1/2 states are changed:
(n1/2 + n−1/2) − (n3/2 + n−3/2) = p > 0, where n1/2 = n−1/2
and n3/2 = n−3/2. When the Coulomb interaction is taken into
account, the SO splitting is enhanced due to the different
occupancies of the χ±3/2 and χ±1/2 states. The interplay of
the SO coupling and Coulomb interaction can be represented
by an effective SO constant,16

ζeff = ζ + 1
2 (U − J )p, (1)

where J is the Hund’s coupling and p is determined self-
consistently.

The problem of Ca2RuO4 is more complicated than
Sr2RhO4 since the xy orbital is also involved. Figure 2 presents
the partial density of states (PDOS) for the Ru-d orbitals
calculated by LDA+U+SO. Here we present the PDOS for the
χ±3/2 and χ±1/2 orbitals instead of xz and yz. The PDOS shows
that the unoccupied t2g bands (0.2–0.9 eV) are dominated
by the χ±3/2 states while the χ±1/2 states are nearly fully
occupied. The well separated χ±3/2 and χ±1/2 states indicate
a large effective spin-orbit splitting in Ca2RuO4. Therefore
a simple explanation for the PM Mott transition is that the
Coulomb-enhanced spin-orbit splitting opens a gap between
the χ±3/2 and χ±1/2 bands, leading to an insulating phase with
two holes residing on the χ±3/2 orbitals. In this explanation,
the xy state is assumed to be fully occupied. However, in the
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calculated by LDA+U+SO.
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FIG. 1. The S-Pbca structure [8,9] of Ca2RuO4. The pseudote-
tragonal axes are x ∼ (a + b)/2, y ∼ (b − a)/2, and z = c. Ru sites
i = 2,3,4 transform into the equivalent site i = 1 via the symmetry
operations a → −a (i = 2), b → −b (i = 3), and c → −c (i = 4).

and we confirm that the MIT is indeed mostly driven by
the L-Pbca → S-Pbca change in structure. In Sec. III, we
discuss the magnetic interaction, and we calculate, using
spin-wave theory, the magnon spectrum. We show that the
insulating ground state is not the jt = 0 state. We show that the
spin-orbit-induced single-ion anisotropy is essential to explain
the spin-wave spectrum. Finally, we give our conclusion in
Sec. IV.

II. MODEL AND METHOD

We use the local-density-approximation+dynamical mean-
field theory approach augmented with spin-wave theory. We
first perform LDA calculations [37] with and without spin-
orbit coupling using the full-potential linearized augmented
plane-wave method, as implemented in WIEN2K code [38].
Next we construct t2g Wannier functions via projectors and
a maximal localization procedure [39]. Finally, we build the
Hubbard model for the low-lying t2g states,

H = −
!

ii ′

!

mm′

!

σσ ′

t i,i
′

mσ,m′σ ′c
†
imσ ci ′m′σ ′

+ 1
2

!

i

!

mm′pp′

!

σσ ′

Umm′pp′c
†
imσ c

†
im′σ ′cip′σ ′cipσ

− Hdc. (1)
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FIG. 2. Total LDA+DMFT spectral function at T = 200 K for
the S-Pbca structure. Light lines (cRPA): U = 2.3 eV and J = 0.4 eV.
Dark lines (cLDA): U = 3.1 eV and J = 0.7 eV.

Here, c†imσ (cimσ ) is the creation (annihilation) operator for the
Wannier state with orbital quantum number m = xy,yz,xz and
spin σ at site i, and nimσ = c

†
imσ cimσ . The terms t i,i

′

mσ,m′σ ′ yield
for i = i ′ the on-site energies εmσ,m′σ ′ = −t i,imσ,m′σ ′ and for i ̸=
i ′ the hopping integrals. The parameters Umm′nn′ are elements
of the screened Coulomb interaction tensor. For t2g states in
a free atom, the essential terms are [40] the direct Coulomb
interaction, Umm′mm′ = Um,m′ = U − 2J (1 − δm,m′ ), the
exchange Coulomb interaction, Umm′m′m = J , the pair-
hopping term, Ummm′m′ = J , and the spin-flip term, Umm′m′m =
J . For Ca2RuO4, the site symmetry of Ru sites is only Ci .
The main anisotropy effects are given by the two tetragonal
terms $U = Uxz,xz − Uxy,xy and $U ′ = Uxz,yz − Uxy,yz; we
therefore study the effects of those terms in particular.

We perform calculations with two sets of screened pa-
rameters. The first, U = 3.1 eV and J = 0.7 eV, has been
obtained for Sr2RuO4, the sister compound of Ca2RuO4,
via the constrained local-density approximation (cLDA) [41].
These parameters have been already successfully used [23] to
describe the metal-insulator transition in Ca2RuO4 with the
LDA+DMFT approach. The second set of parameters are the
constrained random-phase approximation (cRPA) values [42],
U = 2.3 eV and J = 0.4 eV. Remarkably, both sets yield an
insulating solution with xy-like orbital order for the S-Pbca
structure. The comparison between LDA+DMFT spectra for
the cLDA and the cRPA parameter sets is shown in Fig. 2.
The main differences between the two results are (i) the size
of the gap (slightly smaller for the cRPA values) and (ii) the
shape of the lower Hubbard band. Both spectral functions
exhibit Hubbard bands more or less in line with the spectra
measured in photoemission, x-ray fluorescence emission, and
x-ray absorption spectroscopy experiments [41,43–45], thus it
is difficult, based on experiments available so far, to decide
conclusively in favor of one set or the other. For this reason
we will present, when necessary, results for both the cLDA
and cRPA parameter sets. Finally, Hdc is the double-counting
correction [46]. For what concerns the spin-orbit interaction,
which is by construction included in the Hamiltonian in
LDA+SO calculations, the on-site term can be written as

HSO =
!

iµ

H
iµ
SO =

!

iµ

!

mσm′σ ′

λi
µξ

iµ
mσm′σ ′c

†
imσ cim′σ ′ ,
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and we confirm that the MIT is indeed mostly driven by
the L-Pbca → S-Pbca change in structure. In Sec. III, we
discuss the magnetic interaction, and we calculate, using
spin-wave theory, the magnon spectrum. We show that the
insulating ground state is not the jt = 0 state. We show that the
spin-orbit-induced single-ion anisotropy is essential to explain
the spin-wave spectrum. Finally, we give our conclusion in
Sec. IV.

II. MODEL AND METHOD

We use the local-density-approximation+dynamical mean-
field theory approach augmented with spin-wave theory. We
first perform LDA calculations [37] with and without spin-
orbit coupling using the full-potential linearized augmented
plane-wave method, as implemented in WIEN2K code [38].
Next we construct t2g Wannier functions via projectors and
a maximal localization procedure [39]. Finally, we build the
Hubbard model for the low-lying t2g states,
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Here, c†imσ (cimσ ) is the creation (annihilation) operator for the
Wannier state with orbital quantum number m = xy,yz,xz and
spin σ at site i, and nimσ = c

†
imσ cimσ . The terms t i,i

′

mσ,m′σ ′ yield
for i = i ′ the on-site energies εmσ,m′σ ′ = −t i,imσ,m′σ ′ and for i ̸=
i ′ the hopping integrals. The parameters Umm′nn′ are elements
of the screened Coulomb interaction tensor. For t2g states in
a free atom, the essential terms are [40] the direct Coulomb
interaction, Umm′mm′ = Um,m′ = U − 2J (1 − δm,m′ ), the
exchange Coulomb interaction, Umm′m′m = J , the pair-
hopping term, Ummm′m′ = J , and the spin-flip term, Umm′m′m =
J . For Ca2RuO4, the site symmetry of Ru sites is only Ci .
The main anisotropy effects are given by the two tetragonal
terms $U = Uxz,xz − Uxy,xy and $U ′ = Uxz,yz − Uxy,yz; we
therefore study the effects of those terms in particular.

We perform calculations with two sets of screened pa-
rameters. The first, U = 3.1 eV and J = 0.7 eV, has been
obtained for Sr2RuO4, the sister compound of Ca2RuO4,
via the constrained local-density approximation (cLDA) [41].
These parameters have been already successfully used [23] to
describe the metal-insulator transition in Ca2RuO4 with the
LDA+DMFT approach. The second set of parameters are the
constrained random-phase approximation (cRPA) values [42],
U = 2.3 eV and J = 0.4 eV. Remarkably, both sets yield an
insulating solution with xy-like orbital order for the S-Pbca
structure. The comparison between LDA+DMFT spectra for
the cLDA and the cRPA parameter sets is shown in Fig. 2.
The main differences between the two results are (i) the size
of the gap (slightly smaller for the cRPA values) and (ii) the
shape of the lower Hubbard band. Both spectral functions
exhibit Hubbard bands more or less in line with the spectra
measured in photoemission, x-ray fluorescence emission, and
x-ray absorption spectroscopy experiments [41,43–45], thus it
is difficult, based on experiments available so far, to decide
conclusively in favor of one set or the other. For this reason
we will present, when necessary, results for both the cLDA
and cRPA parameter sets. Finally, Hdc is the double-counting
correction [46]. For what concerns the spin-orbit interaction,
which is by construction included in the Hamiltonian in
LDA+SO calculations, the on-site term can be written as
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why is LDA+U result incorrect?

• apparently incorrect Coulomb interaction used  

 !1=2 ! "xz# iyz$ # and !%1=2 ! "xz% iyz$ "

with eigenvalue % 1
2 " . SO coupling thus splits the degen-

eracy of the xz and yz bands along !" !M by " as seen in
Fig. 2 (TB# ’SO’). Since the structure has inversion sym-
metry, all bands remain doubly degenerate. The band
structure is given by

 "k
& ! 1

2'"k
xz # "k

yz &
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""k
xz % "k

yz$2 # "2
q

(; (2)

and the FS "k
& ! 0 is determined by merely 3 parameters,

t#="F, t$="F, and "="F, which may be obtained by fitting
to 3 FS dimensions, e.g., the two intersections along !" !M
and the one along !" !X . Fitting in this way to the ARPES FS
[33], perfect agreement with the entire FS is obtained as
seen in Fig. 1 (TB# ’SO’). The area of the !"-centered
electron sheet minus that of the !M-centered hole sheet
equals half the Brillouin-zone area. As seen in Fig. 1
(LDA# SO), the agreement with ARPES is less good
for the ab initio relativistic LDA FS: The SO splitting
along !" !M is too small. In fact, fitting the LDA# SO FS
to our analytical expression yields essentially the same
values for t#="F and t$="F, but "="F is smaller than
"ARPES="F by the large factor 2.15. The LDA# SO calcu-
lation (Fig. 2) yields " ! 0:13 eV, a value which is smaller
than the 0.16 eV obtained for elemental fcc Rh [38] due to
the Opz tails of the rhodate WOs. Letting " set the energy
scale of bare bands, the TB# ’SO’ parameters reproduc-
ing the ARPES FS are "ARPES ! 2:15) 0:13 eV !
0:28 eV, "F ! 0:260 eV, t# ! 0:185 eV, and t$ !
0:039 eV. The TB results in Figs. 1 and 2 are obtained
with " ! 0.

In order to explain the origin of the SO enhancement, we
need to add the on-site Coulomb repulsion Ĥn

C and thus
consider the 2-band Hubbard Hamiltonian:

 Ĥ !
X

k

X
%!xz;yz

X
&
"k
%ĉ

ky
%&ĉk

%& #
X

n
"Ĥn

SO # Ĥn
C$; (3)

with "k
% given by Eq. (1) and n * "nx; ny$ runs over the

quadratic lattice. For simplicity, we drop the superscripts n
in the following. The SO interaction is

 Ĥ SO !
"
2
"n̂3=2 # n̂%3=2 % n̂1=2 % n̂%1=2$ * %

"
2
p̂; (4)

where n̂mj
is an electron-number operator and p̂ is the

difference between jmjj ! 3
2 and jmjj ! 1

2 , i.e., the SO
polarization. The Coulomb repulsion is U between two
electrons with the same orbital, U% 2J between electrons
with different orbitals and different spins, and U% 3J
between electrons with different orbitals:

 Ĥ C ! U"n̂3=2n̂1=2 # n̂%3=2n̂%1=2$ # "U% 2J$"n̂3=2n̂%3=2

# n̂1=2n̂%1=2$ # "U% 3J$"n̂3=2n̂%1=2 # n̂%3=2n̂1=2$:

Spin-spin correlations have been neglected here, and there
is no double-counting correction because we consider

equivalent orbitals. Since Sr2RhO4 is paramagnetic at
low temperature, we can set n̂3=2 ! n̂%3=2 * 1

4 "n̂% p̂$
and n̂1=2 ! n̂%1=2 * 1

4 "n̂# p̂$, with n̂ being the number
of electrons in the two doubly degenerate bands, and get

 Ĥ C +
3U% 5J

8
n̂2 %U% J

8
p̂2 + c%U% J

4
pp̂:

The last expression is the mean-field approximation, which
grouped together with ĤSO (4) yields a one-electron
Hamiltonian with SO-coupled bands (2), but with " sub-
stituted by "eff ! " # 1

2 "U% J$p and p determined self-
consistently. The polarization function p""$ may be found
from the polarization of each Bloch state:

 jck
&;3=2j2 % jck

&;1=2j2 !
@"k
&

@"=2
! &"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""k
xz % "k

yz$2 # "2
q ;

as follows from first-order perturbation theory. As a result,

 p""$ ! 2"
Z #

0

Z #

0

dkxdky
#2

'""k
#$'"%"k

%$!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""k
xz % "k

yz$2 # "2
q ;

where the factor 2 takes the double degeneracy of each
band into account and we have used the fact that
'"%"k

%$ % '"%"k
#$ ! '""k

#$'"%"k
%$. The integral is over

the area between the !"-centered electron sheet and the
!M-centered hole sheet. For " large, p""$! 4% n, where
n is the number of electrons in the xz and yz bands, and, for
" small, p""$! !0" with the susceptibility

 !0 ! 2
Z #

0

Z #

0

dkxdky
#2

'""k
#$'"%"k

%$
"k
xz % "k

yz
+ 1

2"t# % t$$
; (5)

which turns out to be independent of n. The last approxi-
mation results from integrating over the rectangular t$ ! 0
area. The self-consistency condition "eff ! " # 1

2 )
"U% J$p""eff$ thus yields a Coulomb-enhanced SO cou-
pling, which for "eff in the linear range of the polarization
function is given by

 

"eff

"
+
"

1%U% J
2

!0

#%1
+
"

1% U% J
4"t# % t$$

#%1
: (6)

Inserting "eff=" ! 2:15 and t# % t$ ! 0:146 eV, we get
U% J ! 0:3 eV and p""eff$ ! 0:97, whereas using the
proper polarization function, which saturates at p"1$ !
1, yields U% J ! 0:5 eV. This is a reasonable value for a
4d WO spreading onto the oxygen sites.

In order to substantiate this simple picture, we perform
all-orbital relativistic LDA#U calculations [36] with
U% J adjusted such as to give the best agreement with
the ARPES FS. Since U and J in such calculations do not
refer to proper orbitals, but to d waves truncated and
normalized inside atomic [linear muffin-tin orbitals
(LMTO)] or muffin-tin (linear augmented-plane-wave)
spheres, the values of the parameters depend on the sphere
size and are generally larger than for the more diffuse WOs
[36]. As is obvious from Fig. 1 (LDA#U# SO), this
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[33] S. Kunkemöller, D. Khomskii, P. Steffens, A. Piovano, A. A.
Nugroho, and M. Braden, Phys. Rev. Lett. 115, 247201
(2015).

[34] A. Jain, M. Krautloher, J. Porras, G. H. Ryu, D. P. Chen, D. L.
Abernathy, J. T. Park, A. Ivanov, J. Chaloupka, G. Khaliullin,
B. Keimer, and B. J. Kim, arXiv:1510.07011.

[35] A. Akbari and G. Khaliullin, Phys. Rev. B 90, 035137 (2014).
[36] G. Khaliullin, Phys. Rev. Lett. 111, 197201 (2013).
[37] We performed the LDA calculations for the crystal structure

reported in Refs. [8,9]. For the muffin-tin radii, we used 2.15
(Ca), 1.96 (Ru), and 1.74 (O) for S-Pbca structures and slightly
smaller for the L-Pbca structure. Self-consistent calculations
were performed using a mesh of 11 × 11 × 4k-points.

[38] P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka and J. Luitz,
WIEN2K, An Augmented Plane Wave + Local Orbitals Program
for Calculating Crystal Properties (Technische Universität
Wien, Austria, 2001).

[39] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vanderbilt,
and N. Marzari, Comput. Phys. Commun. 178, 685 (2008); J.
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Van-Vleck magnetism?

Excitonic Magnetism in Van Vleck–type d4 Mott Insulators
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In Mott insulators with the t42g electronic configuration such as of Re3þ, Ru4þ, Os4þ, and Ir5þ ions,

spin-orbit coupling dictates a Van Vleck–type nonmagnetic ground state with an angular momentum

J ¼ 0, and the magnetic response is governed by gapped singlet-triplet excitations. We derive the

exchange interactions between these excitons and study their collective behavior on different lattices.

In perovskites, a conventional Bose condensation of excitons into a magnetic state is found, while an

unexpected one-dimensional behavior supporting spin-liquid states emerges in honeycomb lattices, due to

the bond directional nature of exciton interactions in the case of 90# d-p-d bonding geometry.

DOI: 10.1103/PhysRevLett.111.197201 PACS numbers: 75.10.Jm, 75.25.Dk, 75.30.Et

Many transition metal (TM) compounds fall into a cate-
gory of Mott insulators where strong correlations suppress
low-energy charge dynamics, but there remains rich phys-
ics due to unquenched spin and orbital magnetic moments
that operate at energies below the charge (Mott) gap.
Depending on the spin-orbital structure of of constituent
ions and the nature of the chemical bonding of neighboring
d orbitals, the TM oxides host a great variety of magnetic
phenomena [1] ranging from classical orderings to quan-
tum spin and orbital liquids.

In broad terms, the magnetism of localized electrons in
Mott insulators is governed by several factors: intraionic
Hund’s rules that form local spin S and orbital Lmoments;
spin-orbit coupling (SOC) that tends to bind them into a
total angular momentum J ¼ Sþ L; crystal fields which
split d levels and suppress the L moment, acting thereby
against SOC; and, finally, intersite superexchange (SE)
interactions which establish a long-range coherence
between spins and orbitals.

In Mott insulators with d orbitals of eg symmetry, like
manganites and cuprates, the L moment is fully quenched
in the ground state (GS), and one is left with spin-only
magnetism. In contrast, TM ions with threefold t2g orbital
degeneracy possess an effective orbital angular momentum
L ¼ 1, and a complex interplay between unquenched SOC
and SE interactions emerges.

In TM oxides with an odd number of electrons on the
d shell, S and J are half-integer; hence, the ionic GS is
Kramers degenerate and magnetically active. The main
effect of SOC in this case is to convert the original
exchange interactions among S and L moments into an
effective J Hamiltonian operating within the lowest
Kramers J manifold. The t2g orbital L interactions are
bond dependent and highly frustrated [2]; consequently,
the J Hamiltonians inherit this property, too. In short, SOC
replaces S and L moments by J that obeys the same spin-
commutation rules, but resulting magnetic states may
obtain a nontrivial structure, as found for d5ðJ ¼ 1=2Þ
[3–10] and d1ðJ ¼ 3=2Þ [11,12] compounds. Similar

SOC effects can be realized also in non-Kramers d2 oxides
[13,14] with J ¼ 2.
A conceptually different situation can be encountered in

Mott insulators with TM ions of Van Vleck–type, i.e.,
when SOC imposes a nonmagnetic GS with J ¼ 0 and
the magnetism is entirely due to virtual transitions to
higher levels with finite J. Such ‘‘nonmagnetic’’ Mott
insulators are natural for 4d and 5d TM ions with the t42g
configuration, e.g., Re3þ, Ru4þ,Os4þ, and Ir5þ. These ions
realize a low-spin S ¼ 1 state because of moderate Hund’s
coupling JH (compared to 10Dq octahedral splitting), and,
at the same time, SOC !ðS &LÞ is strong enough to stabi-
lize the J ¼ 0 state gaining energy ! relative to the excited
J ¼ 1 triplet. Since the singlet-triplet splitting for these
ions !' 50–200 meV [15,16] is comparable to SE energy
scales 4t2=U' 50–100 meV, we may expect magnetic
condensation of Van Vleck excitons. This brings us to
the ’’singlet-triplet’’ physics widely discussed in the litera-
ture in various contexts: magnon condensation in quantum
dimer models [17–21], bilayer magnets [22], excitons in
rare-earth filled skutterudites [23–25], a curious case of eg
orbital FeSc2S4 [26], spin-state transition in Fe pnictides
[27], etc. The underlying physics and, hence, the energy
scales involved in the present case are of course different
from the above examples.
In this Letter, we develop a microscopic theory of the

magnetism for Van Vleck-type d4 Mott insulators. First, we
derive an S and L based SE Hamiltonian and map it onto
a singlet-triplet low-energy Hilbert space. We then show,
taking perovskite lattices as an example, how an excitonic
magnetic order, magnons, and the amplitude (’’Higgs’’)
modes do emerge in the model. Considering the model
on a honeycomb lattice, we reveal the emergent one-
dimensional dynamics of Van Vleck excitons and discuss
possible implications of this observation.
The spin-orbital superexchange.—Kugel-Khomskii-

type interactions between t42g ions are derived in a standard

way, by integrating out oxygen-mediated d-p-d electron
hoppings. We label dyz, dzx, and dxy orbitals by a, b, and c,
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or finite local moments?

Highly Anisotropic Magnon Dispersion in Ca2RuO4: Evidence for Strong Spin
Orbit Coupling
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The magnon dispersion in Ca2RuO4 has been determined by inelastic neutron scattering on single crytals
containing 1% of Ti. The dispersion is well described by a conventional Heisenberg model suggesting a
local moment model with nearest neighbor interaction of J ¼ 8 meV. Nearest and next-nearest neighbor
interaction as well as interlayer coupling parameters are required to properly describe the entire dispersion.
Spin-orbit coupling induces a very large anisotropy gap in the magnetic excitations in apparent contrast
with a simple planar magnetic model. Orbital ordering breaking tetragonal symmetry, and strong spin-orbit
coupling can thus be identified as important factors in this system.
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The properties of strongly correlated systems with
significant spin-orbit coupling (SOC) present a challenging
problem. For most 3d transition-metal compounds one can
treat SOC as a weak perturbation. It leads to single-site and
exchange magnetic anisotropy, possibly to an antisymmet-
ric (Dzyaloshinskii-Moriya) exchange, and it largely deter-
mines the magnetoelastic coupling and magnetostriction.
The situation can be different in case of strong SOC, which
causes novel phenomena such as the anomalous Hall effect
[1], the spin Hall effect [2], and topological insulators [3,4].
Strong SOC is able to change the character of the multiplet
state of the corresponding ions, which is intensively studied
for the case of the reduction of the magnetic state of Ir4þ

(electronic structure 5d5 or t52g, Leff ¼ 1, S ¼ 1=2) to an
effective Kramers doublet with j ¼ 1=2 [5]. But even more
drastic effects can be expected for heavy ions with d4

occupation (t42g, Leff ¼ 1, S ¼ 1), e.g., in Ir5þ, Ru4þ, Os4þ,
etc. [6]. According to Hund’s rules (generalized for ions
sensing crystal electric fields) the ground state should be a
nonmagnetic singlet with j ¼ 0; see, e.g., Refs. [7,8]. And,
indeed, isolated Ir5þ ions and also most of the concentrated
Ir5þ compounds are nonmagnetic, although a few magnetic
Ir5þ cases are known [9]. In a solid, magnetic order can
occur even if the ground state of an isolated ion is a singlet,
see Chap. 5.5 in Ref. [8], but it requires a strong exchange
interaction, so that the exchange splitting of excited
magnetic states (in the Ru4þ case a j ¼ 1 triplet) is larger
than the energy difference between the ground-state singlet
and the excited triplet, which is given by the SOC
parameter λ. The SOC can also be at least partially
suppressed by a noncubic crystal field (CF), Δnoncub, which
splits the t2g (Leff ¼ 1) triplet and stabilizes real orbitals.
Both these factors, CF and magnetic interaction, can
combine to suppress the j ¼ 0 state and to eventually
induce the magnetically ordered ground state. In terms of

energy scales, one should expect such magnetic ordering
for Δnoncub þ μHexch > λ, which seems quite unlikely for
Ir5þ, where λ ¼ ðζ=2SÞ ¼ ζ=2 amounts to 0.2 to 0.25 eV
(ζ is the atomic spin-orbit parameter). But for 4d com-
pounds this relation can easily be reached, as for Ru4þ

λ ∼ 0.075 eV [6,10]. Indeed, practically all Ru4þ com-
pounds order magnetically aside from the metallic ones—
and even some metallic ruthenates are magnetic, such as the
ferromagnetic metal SrRuO3. The persisting role of SOC in
these magnetic Ru4þ compounds is an intriguing open
issue.
Ca2RuO4 (CRO) is such a Ru4þ case, which has been

intensively studied as the Mott-insulating analogue of the
unconventional superconductor Sr2RuO4 [11–14]. CRO
exhibits a metal-insulator (MI) transition at 357 K, which is
accompanied by a flattening of the RuO6 octahedra
[13–16]. This flattening continues upon further cooling
until it saturates near the onset of magnetic order at
TN ∼ 110 K. The magnetic structure is antiferromagnetic
(AFM) with moments aligned parallel to the layers [13,16];
see Fig. 1(a). The electronic structure has been studied by
various approaches [17–21]. From the spectroscopic study
of CRO it was concluded that SOC indeed plays an
important role but is not sufficiently strong to stabilize
the j ¼ 0 state [17]. Density functional theory calculations
indicate a pronounced shift in orbital polarization leading to
almost full electron occupation of the dxy levels at low
temperature [18–22]. More recently, the j ¼ 0 state was
explicitly proposed for CRO [6,10]. Starting from the
scenario of strong SOC and including noncubic CF and
intersite exchange, the magnetically ordered state in CRO is
reproduced and several unusual features of the magnetic
excitation spectrum of CRO are predicted, such as a
peculiar shape and large width. The alternative, more
conventional picture is to attribute the magnetism of
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Heisenberg model

+ magnetic anisotropy due to spin-orbit

just at the AFM zone center show a characteristic asym-
metric shape, see Figs. 2(c) and 2(d): Intensity rapidly
increases when crossing the spin gap and slowly diminishes
with further energy increase. We have calculated the
folding of the spin-wave dispersion including its expected
signal strength with the experimental resolution using the
RESLIB [24] package and verified that scans across trans-
versal acoustic phonons are well reproduced; see Fig. 2(b).
The steep spin wave dispersion perfectly describes the
asymmetric shape of the spectra taken at the zone center;
see Fig. 2(c). The total width of the dispersion is low,
as maximum energies of 37.8(3) and 41.2(5) meV are
reached at the magnetic zone boundaries, (0.5 0 0) and
(0.25 0.25 0).
In order to describe the magnon dispersion we use a

conventional Heisenberg equation: H ¼
P

i;jJi;jSi · Sj−
δ
P

iðS
y
i Þ2. We include a single-site anisotropy term arising

from SOC but note that anisotropic exchange parameters
would lead to similar results. The model for fully dominant
SOC is presented in Ref. [10]. We set S ¼ 0.67 following
the neutron diffraction study [13]. The sum runs over pairs
of magnetic ions, so that each pair or bond appears twice.
Spin waves were calculated with the Holstein-Primakoff
transformation as described in Refs. [25,26]. We include
the nearest-neighbor magnetic exchange of J ¼ 8 meV,
next-nearest neighbor interaction along the orthorhombic a
and b directions of Jnna ¼ Jnnb ¼ 0.7 meV, and an AFM
coupling between neighboring layers. The next-nearest
neighbor interaction is chosen isotropic, as the twinned
crystal used in the (1 0 0)/(0 1 0) geometry prohibits dis-
tinguishing these directions. The need for the additional
parameter can be seen when comparing the magnon
energies at q ¼ ð0.25 0.25 0Þ and (0.5 0 0), which are
identical in the model with only nearest-neighbor inter-
action. The interlayer coupling, Jc ¼ 0.03 meV is the only
parameter that breaks the tetragonal symmetry in our model
aside from the single-ion anisotropy. Note, however, that
the crystal structure is orthorhombic, lifting the degeneracy
of magnetic interaction parameters. We chose the AFM
interaction between the Ru at (0,0,0) and that at (0,0.5,0.5)
(in the orthorhombic cell [13]), which stabilizes an A
centered magnetic structure with magnetic space group
Pbca [16].
The magnetic moment in CRO points along the ortho-

rhombic b direction; see Fig. 1(a). Therefore, one might
expect a large gap for the magnetic excitations involving
rotations of the moment out of the RuO2 layers, and
much softer in-plane modes. The latter are described by
the expectedly small in-plane anisotropy. Following
Refs. [26,27] both branches can be described simultane-
ously with two anisotropy parameters. Surprisingly, in
CRO the in-plane anisotropy turned out to be extremely
strong. The magnon dispersion starts at 13.04(5) meV,
which we may identify with the in-plane gap. There is no
magnon branch at lower energy as is clearly shown in the

intensity maps, although there is a weak localized feature
observed at 5 meV close to the magnetic zone boundary
[23]. As shown in Figs. 2(d) and 3 there is a finite interlayer
dispersion visible in the scans taken at Q ¼ ð0.5 0.5 qlÞ
with the second untwinned crystal. The tetragonal [110]
direction corresponds to orthorhombic b in the used
mounting and thus to the direction of the magnetic moment;
therefore, the transverse magnon with in-plane polarization
(thus parallel to orthorhombic a) fully contributes. Also, in
the other configuration there is a clear difference in spectra
taken atQ ¼ ð0.5 0.5 0Þ and ¼ ð1.5 0.5 0Þ. For the twinned
sample we superpose AFM zone centers and zone boun-
daries, and c polarized magnons will always contribute,
while for the in-plane magnon the geometry condition that
only magnetic components perpendicular to Q contribute,
suppresses some modes. The fact that we see a clear
difference at various (ð2nh þ 1Þ=2 ð2nk þ 1Þ=2 nl)
unambiguously shows that the modes dispersing between
13.04(5) and 14.2(1) meV possess an in-plane polarization.
This furthermore agrees with the Ql dependence of the
signal. We may thus conclude that the lowest magnon
branch in CRO possesses an in-plane character and that it
disperses between 13.04(5) and 14.2(1) meV along the c
direction and up to 41.2 and 37.8 meValong the (ξ ξ 0) and
(ξ 0 0) paths, respectively. We cannot identify the c polar-
ized modes, as they may remain hidden in the asymmetric
shape or even lie at much higher energy. There is some
evidence for a nearly flat branch around 36 meV, but we
cannot fully rule out that these modes are purely nuclear or
that they carry longitudinal polarization. For simplicity, the
experimental dispersion is described by an easy-axis
anisotropy [27]; see Fig. 3.
The magnon dispersion including its large gap can be

very well described within the spin-wave theory, sug-
gesting a conventional local moment S ∼ 1 magnetism
with a strong—but not decisive—impact of SOC.
Starting from the other scenario, a spin-orbit driven
j ¼ 0 singlet nature which is rendered magnetic by
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FIG. 3 (color online). Dispersion of the magnon branch along
the main symmetry directions at T ¼ 2 K. The open symbols
indicate the values obtained by fitting the raw data scans with
Gaussians or by folding the resolution function with the modeled
dispersion. Lines correspond to the spin-wave calculations with
the Heisenberg model as described in the text.
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Higgs mode and its decay in a two-dimensional
antiferromagnet
A. Jain1,2†, M. Krautloher1†, J. Porras1†, G. H. Ryu1‡, D. P. Chen1, D. L. Abernathy3, J. T. Park4, A. Ivanov5,
J. Chaloupka6, G. Khaliullin1, B. Keimer1* and B. J. Kim1,7*
Condensed-matter analogues of the Higgs boson in particle
physics allow insights into its behaviour in di�erent symme-
tries and dimensionalities1. Evidence for the Higgs mode has
been reported in a number of di�erent settings, including
ultracold atomic gases2, disordered superconductors3, and
dimerizedquantummagnets4.However, decayprocessesof the
Higgsmode(whichareeminently important inparticlephysics)
have not yet been studied in condensed matter due to the lack
of a suitable material system coupled to a direct experimental
probe. A quantitative understanding of these processes is
particularly important for low-dimensional systems, where
the Higgs mode decays rapidly and has remained elusive
to most experimental probes. Here, we discover and study
the Higgs mode in a two-dimensional antiferromagnet using
spin-polarized inelastic neutron scattering. Our spin-wave
spectra of Ca2RuO4 directly reveal a well-defined, dispersive
Higgs mode, which quickly decays into transverse Goldstone
modes at the antiferromagnetic ordering wavevector. Through
a complete mapping of the transverse modes in the reciprocal
space, we uniquely specify the minimal model Hamiltonian
and describe the decay process. We thus establish a novel
condensed-matterplatform for researchon thedynamicsof the
Higgs mode.

For a system of interacting spins, amplitude fluctuations of the
local magnetization—the Higgs mode—can exist as well-defined
collective excitations near a quantum critical point (QCP). We
consider here a magnetic instability driven by the intra-ionic spin–
orbit coupling, which tends towards a non-magnetic state through
complete cancellation of orbital (L) and spin (S) moments when
they are antiparallel and of equal magnitude5,6. This mechanism
should be broadly relevant for d4 compounds of such ions as
Ir(V), Ru(IV), Os(IV) and Re(III) with sizable spin–orbit cou-
pling but remains little explored. We investigate the magnetic
insulator Ca2RuO4, a quasi-two-dimensional antiferromagnet7 with
nominally L = 1 and S = 1 (Fig. 1). Because the local sym-
metry around the Ru(IV) ion is very low8,9 (having only inver-
sion symmetry), it is widely believed that the orbital moment is
completely quenched by the crystalline electric field10–13, which is
dominated by the compressive distortion of the RuO6 octahedra
along the c-axis (Fig. 1). In the absence of an orbital moment,
the nearest-neighbour magnetic exchange interaction is neces-
sarily isotropic. Deviations from this behaviour are a sensitive

indicator of an unquenched orbital moment. If this moment is
su�ciently strong, it can drive Ca2RuO4 close to a QCP with novel
Higgs physics.

Our comprehensive set of time-of-flight (TOF) inelastic neu-
tron scattering (INS) data over the full Brillouin zone (Fig. 2a)
indeed reveal qualitative deviations of the transverse spin-wave
dispersion from those of a Heisenberg antiferromagnet. In partic-
ular, the global maximum of the dispersion is found at q= (0,0),
in sharp contrast to a Heisenberg antiferromagnet, which has a
minimum there (Fig. 1). This striking manifestation of orbital
magnetism in Ca2RuO4 leads us to consider the limit of strong
spin–orbit coupling described in terms of a singlet and a triplet
separated in energy by � (Fig. 1), which was estimated in earlier
experiments14–16 to be in the range ⇠75–100meV. In this limit, the
ground state is non-magnetic with zero total angular momentum,
and therefore a QCP separating it from a magnetically ordered
phase is expected as a matter of principle. Although this QCP
can be pre-empted by an insulator–metal transition17,18 or ren-
dered first-order by coupling to the lattice or other extraneous
factors, it is su�cient that the system is reasonably close to the
hypothetical QCP.

To assess the proximity to the QCP and the possibility of
finding the Higgs mode, we first reproduce the observed transverse
spin-wave modes by applying the spin-wave theory19,20 to the
following phenomenological Hamiltonian dictated by general
symmetry considerations:

H= J
X

hiji
(S̃i · S̃j �↵S̃ziS̃zj)+E

X

i

S̃2zi +✏
X

i

S̃2xi

⌥A
X

hiji
(S̃xiS̃yj + S̃yiS̃xj) (1)

Here, S̃ denotes a pseudospin-1 operator describing the entangled
spin and orbital degrees of freedom. This model includes single-ion
terms (E and ✏) of tetragonal (z k c) and orthorhombic (x k a)
symmetries, correspondingly, as well as an XY-type exchange
anisotropy (↵ > 0) and the bond-directional pseudodipolar
interaction (A); note that its sign depends on the bond. Also
symmetry allowed—but neglected here—are the Dzyaloshinskii–
Moriya interaction (which can be gauged out by a suitable local
coordinate transformation) and further-neighbour interactions.
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building ab-initio magnetic model
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TABLE II. Single-ion anisotropy tensor D (in meV) for site 1 (see Fig. 1 for definition) for the different structures. These values have been
obtained for the cRPA parameters U = 2.3 eV and J = 0.4 eV and isotropic λeff = 180 meV.

L-Pbca (400 K) S-Pbca (180 K) S-Pbca (11 K)

D =

⎛

⎜⎝
−41.42 1.82 0.00

1.82 −39.63 0.00

0.00 0.00 −4.11

⎞

⎟⎠

⎛

⎜⎝
−16.34 0.27 0.00

0.27 −16.40 0.00

0.00 0.00 −1.42

⎞

⎟⎠

⎛

⎜⎝
−16.00 0.35 0.00

0.35 −16.24 0.00

0.00 0.00 −1.39

⎞

⎟⎠

term of Eq. (6); the latter competes with the remaining antifer-
romagnetic (positive) contribution and, remarkably, dominates
for the coupling "a

2 . Furthermore, surprisingly, the interlayer
exchange couplings "

a/b
z are sizably larger than "

a/b
2 , indicat-

ing that the system exhibits a small but non-negligible three-
dimensional character. By using the cRPA parameters, we
obtain an overall very similar picture but, as expected, larger
couplings, in particular "1 ∼ 5.3 meV, "a

2 ∼ −0.02 meV,
"b

2 ∼ 0.18 meV, "b
z ∼ 0.50 meV, and "a

z ∼ 0.80 meV.
Experimentally, the exchange parameters were estimated

via inelastic neutron scattering as "1 ∼ 16 meV in Ref. [33]
and "1 ∼ 5.6 meV in Ref. [34]. Our result "1 ∼ 3–6 meV is
closer to the second value. The apparent discrepancy with the
first work can be ascribed to the spin model used to fit spin-
wave data, in which only a small in-plane single-ion anisotropy
term Dbb is included. By using our exchange couplings and
a realistic single-ion magnetic anisotropy, we find spin-wave
spectra in line with experiments (see the next subsection). The
single-ion magnetic anisotropy tensor is given by

Di
µµ′ ∼

∑

N

⟨0|Hiµ
SO|N⟩⟨N |Hiµ′

SO |0⟩
E0 − EN

, (7)

where {|N⟩} are the excited atomic multiplet levels and
{EN } are their energies, and |0⟩ is the S = 1 ground-state
triplet with energy E0 ∼ 2εCF + 6U − 13J . Remarkably, our
LDA+DMFT calculations yield a sizable enhancement of the
spin-orbit couplings. This can be shown by analyzing the off-
diagonal elements of the self-energy matrix. The enhancement
is dynamical and anisotropic; for the cLDA parameters, the
Hartree-Fock contributions (large Matsubara frequency limit)
of the enhancement, $λz ∼ −2(U − 3J )n2↑,3↑ and $λxy ∼
2(U − 3J )n1↑,3↓, are 30 and 60 meV, respectively, while in
the low-frequency limit it is about 100 meV at 290 K for both
tensor components. It is important to point out that although
this enhancement is large, the effective coupling is sizably
smaller than the 900 meV estimated via the static mean field
(LDA+U) in Ref. [22]; this is partly due to the form of the
Coulomb interaction used in that work, which differs from
the actual atomic Coulomb vertex [54]. A uniform increase
of the average coupling λeff = (λxz + 2λxy)/3 enhances the
strength of the single-ion anisotropy; the anisotropy, δλ =
λxy − λz > 0, with everything else remaining the same,
enhances Daa and Dbb with respect to Dcc.

In Table II we show the single-ion anisotropy tensor for an
isotropic λeff ∼ 180 meV and cRPA Coulomb parameters. For
all structures considered here, we find that Daa ≈ Dbb < 0
and is much larger in absolute value than Dcc < 0. This
indicates that the easy axis is within the Ru-O plane, in line
with neutron scattering experiments [9,55], and the magnetic

anisotropy is to a large extent tetragonal. Remarkably, the
Daa ∼ Dbb element is about twice as large (in absolute value)
in the L-Pbca than in the S-Pbca structure; this happens be-
cause the S-Pbca structure yields larger tetragonal crystal-field
splitting. In our calculations, the easy axis direction rotates
from ê ∼ −0.85â + 0.53b̂ at 400 K to ê ∼ −0.6â + 0.8b̂ at
11 K, i.e., it rotates progressively toward the b direction by
increasing the distortions. It is worth noticing, however, that
within the ab plane, the calculated easy magnetization axis
direction depends strongly on the tiny off-diagonal tensor
elements Dab and the tiny in-plane anisotropy Daa − Dbb,
and therefore it is very sensitive to experimental errors in
the determination of the small orthorhombic distortions. More
specifically, we find that the difference in single-ion anisotropy
energy gain between ê and any other direction in the ab plane
is smaller than 1 meV, hence it is comparable to errors arising
from experimental incertitude on atomic positions or to small
neglected magnetic interaction terms. Neutron scattering ex-
periments [9] indicate that the actual easy axis is parallel to b̂.

2. Magnon dispersion

In this section, we calculate the spin-wave dispersion
by means of the Holstein-Primakoff transformation [56,57].
Figure 7 shows the results obtained using the cRPA values
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FIG. 7. Magnon dispersion of Ca2RuO4. Points: Experimental
points showing the maximum of intensity taken from Fig. 3 in
Ref. [33]. Lines: Spin-wave dispersion calculated by us with (a)
all exchange and single-ion anisotropy parameters, (b) setting
"a

z = "b
z = 0, (c) setting Daa and Dbb equal to the average value

(Daa + Dbb)/2, and finally (d) setting to zero all single-ion anisotropy
parameters but Dbb, redefined as Dbb − Daa . All interactions have
been calculated for the cRPA Coulomb parameters.
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FIG. 5. Total LDA+DMFT t2g spectral function with anisotropic
Coulomb interactions. Left panel: !U = !U ′ = 0. Right panel:
!U = 3!U ′ = −0.45 eV. T = 290 K. These calculations have been
done with the full Coulomb vertex at T = 290 K and for cLDA
parameters.

the Fermi surface of correlated ruthenates, does not play a key
role in the metal-insulator transition observed in Ca2RuO4.

3. Effects of antiferromagnetic ordering

Ca2RuO4 orders antiferromagnetically [9] at TN ∼ 110 K.
Here we investigate the effects of magnetic order on the
spectral function matrix. LDA+DMFT spin-polarized AFM
calculations yield a paramagnetic solution at 290 K. Since
LDA+DMFT calculations in the T → 0 limit are very
time-consuming, to obtain a sizable magnetic moment we
introduce a staggered magnetic field with the same q vector
of the magnetically ordered structure; this leads to staggered
magnetic moments µz ∼ 1.96µB per Ru at 290 K. Even for
such a large local moment, the picture remains the same.
We find that the system retains xy-like orbital order below
the magnetic transition, and the magnetic moment comes
mostly for the half-filled natural orbitals |α2⟩ and |α3⟩, which
are almost completely spin-polarized. For what concerns the
spectral function, the main effect is a partial spectral-weight
transfer within the Hubbard bands and a somewhat larger gap.
The differences are more pronounced for the cRPA Coulomb
parameter set, as can be seen in Fig. 6.
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FIG. 6. The LDA+DMFT total t2g spectral function for the
paramagnetic (full line) and antiferromagnetic (dashed line) phase.
The AFM spectrum is calculated in the presence of a large staggered
antiferromagnetic field yielding a magnetic moment µz ∼ 1.96µB .
Both spectra have been calculated at T = 290 K and for cLDA (left
panel) and cRPA (right panel) Coulomb parameters.

B. Low-energy magnetic model and spin waves

1. Magnetic Hamiltonian and superexchange couplings

The spin-orbit coupling has an important role in deter-
mining the magnetic structure and magnetic excitations. Two
competing models have been proposed so far: in the first
scenario, the spin-orbit interaction leads to a total angular
momentum jt = 0 state [35,36]; in the second picture, the
spin-orbit interaction yields, instead, only perturbative effects
(e.g., a magnetic anisotropy tensor) partially removing the
degeneracy of the S = 1 ground-state multiplet [33]. In the first
scenario, the magnetic linear-response function is of the Van
Vleck type, in the second it arises from the local S = 1
magnetic moments. Our LDA+SO+DMFT results show that,
in the insulating phase, the spin-orbit interaction does not
lead to a jt = 0 ground state [53], which would give p ∼ 0.
Instead, we find a fully occupied Kramers doublet (p ∼ 1)
with a dominant xy component and a partial (real) mixing to
the xz state, as it happens when the crystal field, rather than
spin-orbit, determines the ground state. We therefore explore
the second picture and calculate the effective spin Hamiltonian
in second-order perturbation theory. Toward that end, we
assume that the ground-state multiplet is the S = 1 orbitally
ordered state. The resulting S = 1 generalized Heisenberg-like
model takes the form

HS = 1
2

!

ii ′

#i,i ′Si · Si ′ +
!

i

!

µµ′

Di
µµ′S

i
µSi

µ′ . (5)

Here the first term describes the superexchange magnetic
interaction, and the second term describes the single-ion
anisotropy, while here µ,µ′ are the crystal a,b,c directions.
The exchange coupling #i,i ′ is given by

#i,i ′ ∼ −1
2

!

mc>1

"##t i,i
′

1,mc

##2 +
##t i,i

′

mc,1

##2

U − 3J + !1,mc

2J

U − J + !1,mc

$

+ 1
2

!

mc>1

!

m′
c>1

##t i,i
′

mc,m′
c

##2 +
##t i,i

′

m′
c,mc

##2

U + J + !mc,m′
c

. (6)

The LDA crystal-field states |mc⟩σ are labeled in order
of growing on-site energies εmc+1 ! εmc

. The energy differ-
ences are !mc,m′

c
= εm′

c
− εmc

, with !1,mc
> 0. We calculate

the exchange parameters both for the experimental S-Pbca
structure measured at 180 K and the one measured at 11 K;
they yield similar results. In the following, we give the numbers
for the 11 K structure calculated for the cLDA Coulomb
parameter sets. For the nearest-neighbor magnetic coupling
#1 = #i,i+(a±b)/2 we obtain #1 ∼ 2.6 meV, basically the same
for the bonds along the x and y directions. Furthermore, we
find that the effects of spin-orbit on the hopping integrals
are small, and that the Heisenberg parameters are basically
isotropic. The next-nearest-neighbor couplings exhibit instead
a small direction dependence, with #a

2 = #i,i+a = −0.1 meV
and #b

2 = #i,i+b = 0.08 meV along the b direction, and
the interlayer couplings, #b

z = #i,i+(b+c)/2 = 0.30 meV and
#a

z = #i,i+(a+c)/2 = 0.54 meV. The remaining parameters are
tiny and can be neglected. The hopping integrals to the par-
tially occupied orbitals yield a ferromagnetic superexchange
contribution, which is responsible for the minus sign in the first
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DMFT + spin-wave theory

(a) full magnetic Hamiltonian


(b) no interlayer couplings


(c) Daa= Dbb =(Daa + Dbb )/2,


(d) setting to zero all single-ion anisotropy parameters but Dbb, redefined as Dbb − Daa 

experimental datas from PRL 115, 247201 (2015)
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The magnon dispersion of Ca2RuO4 has been studied by polarized and unpolarized neutron scattering
experiments on crystals containing 0, 1, and 10% of Ti. Ti is inserted in order to enable the growth of large,
partially detwinned crystals. One percent of Ti has a negligible impact on structural and magnetic properties.
Also for 10% Ti content magnetic properties still change very little, but the insulating phase is stabilized up to at
least 700 K and structural distortions are reduced. The full dispersion of transverse magnons studied for 1% Ti
substitution can be well described by a conventional spin-wave model with interaction and anisotropy parameters
that agree with density functional theory calculations. Spin-orbit coupling strongly influences the magnetic
excitations, as it is most visible in large energies of the magnetic zone-center modes arising from magnetic
anisotropy. Additional modes appear at low energy near the antiferromagnetic zone center and can be explained
by a sizable magnetic moment of 0.11 Bohr magnetons, which the density functional theory calculations find
located on the apical oxygens. The energy and the signal strength of the additional branch are well described by
taking into account this oxygen moment with weak ferromagnetic coupling to the Ru moments.

DOI: 10.1103/PhysRevB.95.214408

I. INTRODUCTION

Ca2RuO4 (CRO) is the Mott insulating [1] end member of
the series Ca2−xSrxRuO4, which possesses a rich diversity of
structural, magnetic, and transport properties [2–5]. Sr2RuO4,
the other end member, is proposed to be a spin-triplet
superconductor with broken time-reversal symmetry [6–9].
The metal-insulator transition in CRO goes along with se-
vere structural distortions [3,10], in particular a flattening
of the RuO6 octahedron, that increase until the onset of
antiferromagnetic order [11]. The nowadays widely used
picture assumes that an orbital ordering is associated with the
structural changes [12–14]. The 4dxy orbitals become doubly
occupied and the 4dxz,yz singly occupied resulting in flattened
octahedrons and a S = 1 state. In the past the nature of the
Mott transition of this multiband system with four d electrons
on the Ru site was intensively discussed [12,15–20]. Recently,
it was proposed that spin-orbit coupling (SOC) in this 4d
system is strong enough to change the multiplet structure
and couples S and L to j resulting in a nonmagetic j = 0
ground state. The occurrence of magnetic order was proposed
to be of a singlet-magnetism type (see, e.g., Sec. 5.5. in
Ref. [21]), which was called excitonic magnetism in Ref. [22],
and a special type of magnon dispersion was predicted in this
theory [23]. The main branches of the dispersion obtained by
inelastic neutron scattering (INS) experiments, however, could
be successfully described with a conventional Heisenberg
model [24,25] and disagree with the j = 0 calculations [23].
Nevertheless, neutron scattering experiments revealed features
such as an upward dispersion beyond the zone boundary

*braden@ph2.uni-koeln.de

[25] and additional magnetic scattering not describable with
a simple square-lattice antiferromagnet. The main in-plane
transverse modes exhibit a large anisotropy gap, underlining
the impact of broken tetragonal symmetry in combination
with SOC. Furthermore, additional signals were detected
in the neutron scattering experiments at low and at high
energies [24,25] that cannot be explained by the two transverse
magnon branches.

The crystal growth of insulating CRO is severely hampered
by the metal-insulator transition occurring in pure CRO at
TMIT = 360 K [3,10]. The space group does not change at
this first-order phase transition, but there are sizable jumps in
the lattice parameters, in particular for c, with !c ∼ 0.2 Å [3].
Therefore, the crystals tend to crack upon cooling after the
growth process, and only small pieces of mm3 size can be
recovered. We circumvented this problem by introducing Ti
that seems to broaden the metal-insulator transition.

The paper is arranged as follows. We first show that only for
10% of Ti there are significant changes of physical properties,
see Sec. III A. This large substitution considerably stabilizes
the insulating phase and suppresses structural distortions, but
magnetic properties are nearly identical to those in pure CRO.
Therefore, the results on the magnon dispersion discussed in
Sec. III B that were obtained from polarized and unpolarized
INS experiments on 1% Ti substituted CRO can be taken as
representative for the pure material. In addition we performed
density functional theory (DFT) calculations that may well
reproduce the rather peculiar magnon dispersion. The DFT
calculations also reveal a sizable ordered moment located
on the apical oxygens, which explains the occurrence of an
additional low-energy branch. The magnon dispersion in CRO
thus reveals a very strong impact of SOC and of oxygen
magnetic moments.

2469-9950/2017/95(21)/214408(14) 214408-1 ©2017 American Physical Society
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[31,42–44]. The 29 meV longitudinal signal observed in CRO
at the antiferromagnetic zone center is thus not anomalous
but just corresponds to the two-magnon excitation expected to
contribute to the longitudinal channel.

The c polarized antiferromagnetic zone-center mode is
detected at higher energy, where the unpolarized experiment
found some evidence for additional scattering [24] but where
the signal strength is expected to be rather small [31]. In order
to cover the energies of the order of 40 meV we needed to use
a larger value of kf = 4.1 Å

−1
, which also allows one to avoid

the contamination appearing at E = 44 meV for the standard
value of kf = 2.662 Å

−1
. The magnetic signals polarized

along z ≃ c and along y at large energies are shown in the scan
at (1,2,0) in Fig. 6(h) and show that the zone-center c-polarized
magnon possesses a large energy of 45.5(1.5) meV. Its signal
strength is in rough agreement with the signal strength of
the in-plane transverse mode, because the energy is enhanced
by a factor three. Our conclusion of c polarized modes at
the ferromagnetic and antiferromagnetic zone centers agrees
with the interpretation of similar polarized neutron scattering
experiments performed with twinned crystals in a different
scattering geometry [25].

This large c anisotropy is remarkable, as it strongly deforms
the magnon dispersion in CRO with respect to a simple
isotropic model. The splitting of the two antiferromagnetic
zone-center magnons, 14 and 45.5 meV, is larger than the
dispersion of the in-plane branch to the zone boundary. As
will be discussed below, the entire dispersion of transverse
branches is, nevertheless, well described with the S = 1 spin-
wave model using the Holstein-Primakoff transformation. The
in-plane and c-polarized branches exchange their character:
While the c-polarized mode is the high-energy mode at
the antiferromagnetic zone center, it appears at the lower
energy of the in-plane transverse magnon at the ferromagnetic
zone center, in accordance to the data shown in Fig. 6(g).
The in-plane polarized branch thus starts at 14 meV at the
antiferromagnetic zone center, exceeds to the zone boundary
at 41 meV and then continues to stiffen till 45.5 meV at
the ferromagnetic zone center. The out-of-plane polarized
branch just exhibits the opposite dispersion. By comparing
the intensities at the ferromagnetic zone centers Q = (2,0,0)
and Q = (0,2,0) with an energy transfer of 45 meV we
may confirm the in-plane transverse character of this high-
energy mode appearing at the ferromagnetic zone center. The
expected ratio of the signals taking into account the different
twinning fractions and geometry factors amounts to 1:2.5 for
a transverse and to 2.5:1 for a longitudinal magnon. We obtain
a ratio of 0.1(2) indicating the transverse in-plane character.
Evidence for an intrinsic longitudinal high-energy branch
could not be obtained in our experiment [25,45].

2. Spin-wave calculations of the magnon dispersion

The anisotropy gap of the c-polarized transverse magnon
of 45.5 meV leads to the uncommon feature in the magnon
dispersion, that the transverse in-plane branch continues
to increase in energy between the zone boundary and a
ferromagnetic zone center [25]. This peculiarity can, however,
be well described with a rather conventional model.

FIG. 7. Magnon dispersion calculated with the SpinW program
using the values given in the text. The blue circles denote the fit
values of the dispersion obtained in this and previous [24] neutron
scattering studies. The black lines are the calculated dispersion and
the color code denotes the calculated neutron scattering intensity
of the convoluted spectra. In each panel black stands for maximum
intensity and white for none. In (a) all transverse magnon modes are
shown and in (b),(c) only the in-plane- and out-of-plane polarized
transverse modes are shown, respectively, illustrating the opposite
dispersion of these branches.

The Hamiltonian, which is used for the description of the
magnon dispersion is given by:

H =
!

i,j

Ji,j Si · Sj + γ
!

i

"
Sx

i

#2 + ϵ
!

i

"
Sz

i

#2
. (2)

The sum runs over pairs of magnetic ions, so that each pair or
bond appears twice and S is set to 0.67 following the experi-
mental results in Ref. [11]. The spin-wave calculations using
the SpinW program and the parameters J = 5.6 meV, Jna,b =
0.6 meV, Jc = −0.03 meV, γ = 1.4 meV, and ϵ = 24.5 meV
give a good description of the magnon dispersion obtained in
this and our previous [24] neutron scattering studies [Fig. 7(a)],
and the main parameters J and ϵ agree with Ref. [25]. Panels
Figs. 7(b) and 7(c) show the in-plane and c-polarized branches,
respectively, starting at an antiferromagnetic zone center and
proceeding to a ferromagnetic one. In this figure the color
code denotes maximum neutron scattering intensity of the
convoluted spectra with black color and zero intensity with
white. The energy resolution is set to 1 meV. The spin-
wave calculation thus perfectly describes not only the energy
dispersion but also the polarization of the magnon branches.
Note that this rather uncommon dispersion is described with
strong single-ion parameters arising from SOC. These strong
anisotropy terms interfere with the Heisenberg interaction pa-
rameters in contrast to models invoking only weak anisotropy.
Therefore, the J parameter differs from that obtained by fitting
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[31,42–44]. The 29 meV longitudinal signal observed in CRO
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but just corresponds to the two-magnon excitation expected to
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−1
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the contamination appearing at E = 44 meV for the standard
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−1
. The magnetic signals polarized
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at (1,2,0) in Fig. 6(h) and show that the zone-center c-polarized
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strength is in rough agreement with the signal strength of
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by a factor three. Our conclusion of c polarized modes at
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experiments performed with twinned crystals in a different
scattering geometry [25].
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ferromagnetic zone center [25]. This peculiarity can, however,
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FIG. 7. Magnon dispersion calculated with the SpinW program
using the values given in the text. The blue circles denote the fit
values of the dispersion obtained in this and previous [24] neutron
scattering studies. The black lines are the calculated dispersion and
the color code denotes the calculated neutron scattering intensity
of the convoluted spectra. In each panel black stands for maximum
intensity and white for none. In (a) all transverse magnon modes are
shown and in (b),(c) only the in-plane- and out-of-plane polarized
transverse modes are shown, respectively, illustrating the opposite
dispersion of these branches.

The Hamiltonian, which is used for the description of the
magnon dispersion is given by:
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bond appears twice and S is set to 0.67 following the experi-
mental results in Ref. [11]. The spin-wave calculations using
the SpinW program and the parameters J = 5.6 meV, Jna,b =
0.6 meV, Jc = −0.03 meV, γ = 1.4 meV, and ϵ = 24.5 meV
give a good description of the magnon dispersion obtained in
this and our previous [24] neutron scattering studies [Fig. 7(a)],
and the main parameters J and ϵ agree with Ref. [25]. Panels
Figs. 7(b) and 7(c) show the in-plane and c-polarized branches,
respectively, starting at an antiferromagnetic zone center and
proceeding to a ferromagnetic one. In this figure the color
code denotes maximum neutron scattering intensity of the
convoluted spectra with black color and zero intensity with
white. The energy resolution is set to 1 meV. The spin-
wave calculation thus perfectly describes not only the energy
dispersion but also the polarization of the magnon branches.
Note that this rather uncommon dispersion is described with
strong single-ion parameters arising from SOC. These strong
anisotropy terms interfere with the Heisenberg interaction pa-
rameters in contrast to models invoking only weak anisotropy.
Therefore, the J parameter differs from that obtained by fitting
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 ————— main papers —————

• x<0.2 MIT: mostly driven 
by the L-Pbca to S-Pbca 

transition

• spin-orbit is not 
driving x<0.2 MIT

• but crucial for magnetism

• x=1 FS: not only SO but also 
tetragonal-symmetry 

Coulomb terms
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