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Magnetic phase diagram of Ca2ÀxSrxRuO4 governed by structural distortions
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We constructed, by the first-principles calculations, a magnetic phase diagram of Sr2RuO4 in the space
spanned by structural distortions. Our phase diagram can qualitatively explain the experimental one for
Ca22xSrxRuO4. We found that the rotation and the tilting of the RuO6 octahedron are responsible for the ferro-
and antiferromagnetism, respectively, while the flattening of RuO6 is the key factor to stabilize those magnetic
ground states. Our results imply that the magnetic and the structural instabilities in Sr2RuO4 are closely
correlated cooperatively rather than competitively.
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Both the magnetic and the structural instabilities are
sential issues for the unconventional superconductivity
Sr2RuO4,1–6 which is the only example of a noncuprate la
ered perovskite superconductor. It was suggested that
Sr2RuO4 is close to the ferromagnetic~FM! instability7 with
strong FM spin fluctuations, which may naturally lead to
spin-tripletp-wave pairing mechanism.7–10 However, the re-
cent observation11 of sizable antiferromagnetic~AF! incom-
mensurate spin fluctuation, due to the Fermi surfa
nesting,12 indicates that more careful studies are needed.
for the structural aspect, it was pointed out by experime
that Sr2RuO4 is very close to the structural instability wit
respect to the RuO6 rotation.13 With such a situation, one
may consider that three kinds of instabilities, supercondu
ing, magnetic, and structural ones, may compete. Never
less, the correlation among those instabilities has not b
fully discussed. It was found recently14 that the cleaved sur
face of this material is reconstructed to form thec(232)
structure which can be regarded as the frozen RuO6 rotation
mentioned above. Furthermore, the density-functional ca
lation predicts that the surface ferromagnetism is stron
stabilized by the structural reconstruction.14 This prediction
suggests that the structural and magnetic instabilities co
erate rather than compete, although the surface ferrom
netism has not been experimentally confirmed up to now

On the other hand, the recent studies on
Ca22xSrxRuO4 suggest strongly the cooperative feature
the structural and magnetic instabilities in the bulk. Mo
over, the system shows a very rich phase diagram and
vides us with an opportunity to analyze the correlation
tween the magnetism and the structure more extensiv
Below is a brief description of the experimental observat
for Ca22xSrxRuO4 by Nakatsujiet al.15 With the Ca substi-
tution for Sr, the system is successively driven from the n
magnetic ~NM! two-dimensional ~2D! Fermi liquid (x
;2.0) to a nearly FM metal (x;0.5), an antiferromagneti
cally correlated metal (0.2,x,0.5), and finally an AF insu-
lator (x,0.2). Since the substitution is isovalent, the dom
nant effects are the structural modifications due to
reduced ionic size of Ca compared with Sr. Evidence16 has
been presented by neutron scattering that the structural
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tortions caused by the Ca substitution correlate with
changes in the magnetic and the electronic properties.

The main aim of this communication is to study how a
why the magnetism of Ca22xSrxRuO4 is affected by struc-
tural distortions. In order to extract essential aspects, we
sume that for a given crystal structure, the electronic str
ture is not affected by the relative content of Ca and
Therefore, in the following, we study the stable magne
phases of Sr2RuO4 for given structural distortions. Thre
types of structure distortions, i.e., RuO6 octahedronrotation
about thec axis, RuO6 tilting around an axis parallel to th
edge of octahedron basal plane and theflatteningof RuO6
along thec axis are identified from experiments.16 Our phase
diagram can qualitatively explain the experimental pha
diagram of Ca22xSrxRuO4, demonstrating the crucial role
of structural distortions for the tuning of electronic and ma
netic properties, and further supporting our previous pred
tion for the surface. In particular, we found that the RuO6
rotation can enhance the FM instability significantly, wh
the combination of tilting and rotation of RuO6 is responsible
for the enhancement of AF instability. Furthermore, we po
out that the flattening of RuO6 is a key factor to stabilize the
magnetic~both FM and AF! ground states. The basic physic
governing the phase diagram can be understood in term
the strong coupling between the lattice and the magnet
through the orbital degrees of freedom. Our results stron
suggest that, in Sr2RuO4, the magnetic fluctuations can b
significantly enhanced by the structural fluctuations, imp
ing the necessity of reconsidering the coupling mechanism
the bulk superconductivity.

The calculations were performed with the first-principl
plane-wave basis pseudopotential method based on the
density approximation~LDA !. The validity of LDA treat-
ment for ruthenates was demonstrated in Refs. 8 and 17.
2p states of oxygen and 4d states of Ru are treated by th
Vanderbilt ultrasoft pseudopotential,18 while the norm-
conserving scheme19 is used for other states. The cutoff e
ergy for the wave function expansion is 30 Ry. Thek-point
sampling of the Brillouin zone~BZ! was well checked to
provide enough precision in the calculated total energ
The theoretically optimized lattice parametersa53.84 Å
©2001 The American Physical Society09-1
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and c512.70 Å for the bulk Sr2RuO4 are in good agree
ment with the experimental onesa53.86 Å and c
512.73 Å. The degree of flattening of RuO6 octahedronl
is defined byl5dc /dab with dc (dab) denoting the Ru-O
bond length along thec axis ~in theab plane! with the RuO6
volume fixed. Rotation and tilting of RuO6 octahedron are
operated with the Ru-O bond lengths fixed. In order to c
struct the magnetic phase diagram, the lowest energy m
netic phase for each crystal structure is searched for am
different ~NM, FM, and AF! phases. In the present work, w
focus our attention only on phases described within thec(2
32) unit cell. The soft phonon mode ofS3 at the zone
boundary in Sr2RuO4 ~Ref. 13! and the AF state of Ca2RuO4
~Ref. 20! are in this category.

Figure 1 shows the calculated phase diagram,21 while the
Table I summarizes the calculated total energies and m
netic moments for some particular points in the phase
gram. Hereafter,f and u denote the rotation angle and th
tilting angle, respectively. The apical oxygen and the oxyg
in the ab plane are called O(2) and O(1), respectively.
From right to left of the phase diagram, first the RuO6 starts

FIG. 1. The calculated magnetic phase diagram of Sr2RuO4 with
structural distortions. When the tilting of RuO6 octahedron is con-
ducted, 12 degrees of RuO6 rotation are reserved~see the text for a
detailed description!. The solid bold lines are calculated pha
boundaries, while the triangles linked by a dashed line corresp
to experimental data.

TABLE I. The calculated total energies and magnetic mome
for some particular points in our phase diagram.

NM FM AF

l50.96 0 meV 240 meV 28 meV
f5u50° 1.26mB /Ru 0.7mB /Ru
l51.07 0 meV 225 meV
f512°, u50° 0.74mB /Ru
l50.96 0 meV 2100 meV 2117 meV
f512°, u512° 1.13mB /Ru 0.93mB /Ru
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to rotate along thec axis by up to 12°, and then with the 12
rotation being fixed, the RuO6 starts to tilt up to 12°. The
structural analysis by the neutron scattering16 allows us to
make a one-to-one correspondence between the struc
changes, i.e., the horizontal axis of our phase diagram,
the doping levelx in Ca22xSrxRuO4. For x52.0 (Sr2RuO4),
the system hasI4/mmm symmetry withf5u50°, corre-
sponding to the right end of our phase diagram. With red
tion of x, RuO6 starts to rotate and the symmetry is reduc
to I41 /acd until x50.5 (Ca1.5Sr0.5RuO4), where f
512.78° andu50° at 10 K. With further reduction ofx,
RuO6 starts to tilt and the symmetry is further reduced
Pbca until x50.0 (Ca2RuO4), where f511.93° andu
;12° at low temperature, corresponding to the left end
our phase diagram. It was also pointed out by t
experiment16 that, fromx52.0 tox50.5, the degree of flat-
tening l remains almost constant (;1.07), while from x
50.5 to x50.0, the rotation anglef is almost unchanged
(;12°). Three representative experimental points are sho
in our phase diagram by triangles. Now, the basic tende
suggested by our phase diagram is that the RuO6 rotation
will drive the system from a NM state to a FM state, whi
the subsequent tilting plus the flattening of RuO6 will push
the system to an AF region. This general tendency is q
consistent with the experimental results. It should be no
that the rich experimental phase diagram can be simply
derstood in terms of the close coupling between structu
distortions and magnetism. Although the real long-range
ordering in Ca1.5Sr0.5RuO4 is not confirmed yet, the signifi-
cant enhancement of spin susceptibility in this doping le
undoubtedly implies the strengthening of FM instability. A
other important aspect in our phase diagram is that the
tening of RuO6 is so important not only for the AF state bu
also for the FM state. This suggests thatsimply by uniaxial
pressure, the Sr2RuO4 can be driven from the NM state to
FM state.

The basic questions concerning our phase diagram are
following: ~1! Why are the RuO6 rotation and tilting corre-
lated with the tendency to the FM and AF states?~2! Why is
the RuO6 flattening so important for the magnetic solution
Before answering these questions, let us discuss the ro
each 4d orbital in the electronic properties of Sr2RuO4,
which is essential to our later discussions. The three Rut2g
orbitals (dxy , dyz , dzx! hybridize with each other only very
weakly in tetragonal Sr2RuO4. Therefore each orbital play
distinct roles. The projected density of states~DOS! shown
in Fig. 2~a! indicates that thedxy orbital contributes domi-
nantly to the well-known van Hove singularity~VHS! just
above the Fermi level. Theg Fermi surface has the charact
of dxy . It is mostly responsible to FM spin fluctuation due
the high DOS around the Fermi level. On the other hand,dyz
anddzx orbitals contribute to thea andb Fermi surfaces and
produce the incommensurate spin fluctuation coming fr
the strong nesting effect due to the quasi-one-dimensio
nature of those states. The calculated bare spin susceptib
shown in Fig. 3~a! for the undistorted compound has th
incommensurate peak atQ5(2p/3a,2p/3a), being consis-
tent with previous calculations.12 In real materials, the two
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factors, i.e., the FM instability due to the high DOS at t
Fermi level combined with theq dependent Stoner factor8,12

and the AF instability due to the nesting effect,12 will com-
pete.

The RuO6 rotation couples mostly with thedxy orbital but
not with thedyz , dzx orbitals because thepdp type hybrid-
ization between the O(1)-2p and thedxy states will be sig-
nificantly reduced by the RuO6 rotation, but those betwee
the O-2p and thedyz , dzx states are not affected so muc
The direct results of this reducedpdp type hybridization
between the O(1)-2p and thedxy states are, first the narrow
ing of dxy band width and second the downward shift ofdxy

FIG. 2. The calculated electronic densities of states~DOS! for
some particular points in our phase diagram, i.e.,~a! f5u50°,
l51.07, NM state;~b! f512°, u50°, l51.07, NM state;~c! f
5u50°, l50.96, NM state;~d! f5u50°, l50.96, FM state;~e!
f512°, u50°, l51.07, FM state; and~f! f512°, u512°, l
50.96, AF state. The bold solid lines show the total DOS@in ~f!,
the local DOS is shown#, while the thin solid and dashed lines giv
the projected DOS for thedxy and dyx , dzx orbitals, respectively.
Only the regions (22 eV to 1 eV!, where Ru-t2g states dominate
are shown. The Fermi levels are located at the energy zero.
02050
band, as shown in Fig. 2~b! ~about 0.4 eV narrowing and 0.
eV downward shift ofdxy band forf512°,l51.07). As the
latter brings the VHS closer to the Fermi level, both of t
two results will enhance the DOS at the Fermi level. Anoth
effect coming from the downward shift of thedxy states is
the population reduction in thedyz , dzx states, which may
shift the Fermi surface nesting vector closer to the zo
boundary. However, the increase of the DOS at the Fe
level is the dominant effect and the tendency towards
instability is enhanced by the RuO6 rotation. Once tilting is
additionally introduced, all of thet2g bands will become nar-
rower. This will enhance the nesting effect and enhance
AF instability. The discussion so far can answer the fi
question.

Now let us discuss the effects of RuO6 flattening. There
are two factors also. First, with the flattening of RuO6 octa-
hedron, the Ru-O~1! bond length will increase, while the
Ru-O~1!-Ru angle remains 180°. The increased bond len
will reduce all the pdp type hybridizations between th
O(1)-2p and thedxy , dyz , dzx states. Therefore, width of al
the bands of three Ru-t2g states is reduced as shown in Fi
2~c! ~about 0.4 eV fordyz,zx bands and 0.3 eV fordxy band
for l50.96), making the DOS at the Fermi level highe
This will favor the FM solution. Another very important re
sults of flattening is the orbital polarization. It is obvious th
the tetragonal distortion by the flattening will populate t
dxy states and depopulate thedyz , dzx states~about 0.2 eV
downward shift ofdxy band forl50.96). The effect is simi-
lar to the RuO6 rotation. The orbital polarization due to fla
tening will also shift the nesting vector to the zone bound
as shown in the susceptibility calculations~Fig. 3!. This will
favor the commensurate AF state of the system. The
effect by rotation, tilting and flattening of the RuO6 will
depend on the competition among them and the phase
gram of Fig. 1 demonstrates the situation in a space span
by those distortion modes. Figure 2~f! shows the calculated
DOS for the AF state withf5u512°, i.e., almost the ex-
perimental structure of Ca2RuO4. It is clear in this case tha
the occupied minority spin states mostly come from thedxy
orbital due to flattening of RuO6. Therefore, the strong su
perexchange interaction between the occupied majority-s
and unoccupied minority-spindyz , dzx orbitals will stabilize
the AF ground state.22
p-

e
.
r

FIG. 3. ~Color! A contour plot
of the calculated bare spin susce
tibility for ~a! f5u50°, l
51.07; ~b! f5u50°, l50.96.
The dashed lines are guides to th
eye for the nesting vectors
The red color denotes the highe
intensity.
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In summary, by constructing a phase diagram of Sr2RuO4
with structural distortions, we find the strong coupling b
tween the lattice and the magnetism. Our phase diagram
qualitatively explain the experimental phase diagram
Ca22xSrxRuO4. We demonstrate that the RuO6 rotation will
enhance the FM instability in the system, while the tiltin
plus the flattening of RuO6 make the system AF. We pointe
out that the flattening of RuO6 is so important not only for
the AF state but also for the FM state. An important imp
cation of our results is that the magnetic and the struct
instabilities in Sr2RuO4 should be strongly correlated. Th
structure fluctuation and the magnetic fluctuation cooper
Actually the phonon mode corresponding to the RuO6 rota-
tion is quite soft13 in the bulk, and this rotation will enhanc
the FM instability. All these results imply the necessity
a,
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reconsidering the coupling mechanism for the unconv
tional superconductivity. In this context, we propose a p
sible way to identify experimentally the relationship betwe
the FM fluctuation and the superconducting state. As
uniaxial compression of Sr2RuO4 will enhance the FM fluc-
tuation without introducing the disorder, the variation of s
perconducting transition temperature against uniaxial co
pression may provide important information.
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