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First-principles density functional theory calculations show that the
spin—lattice of SrzFe,Os is practically 2D in terms of its spin-
exchange interactions. The magnetic dipole—dipole interactions
are found to be essential for the 3D magnetic ordering of SrzFe,05
at a very low temperature.

The preferred spin orientations of the magnetic ions in a
given magnetic solid are governed by several factors, namely,
spin—orbit coupling (SOC), spin exchange (SE), antisymmetric
(AS), and magnetic dipole— dipole (MDD) interactions
(Figure 1) The SOC affects the spin orientation of a single
magnetic ion,"? while the SE interactions control the relative
orientations of the spins such that they are collinear if there is no
severe spin frustration in the SE interactions but become
noncollinear (e.g., compromised and spiral spin arrangements)
otherwise.™* The AS interaction arises from a combined effect
of the SOC and SE interactions' and induces spin canting, for
example, from a collinear spin arrangement. The SOC, SE, and
AS interactions are short-range interactions, whereas the MDD
interaction is a long-range interaction. The MDD interaction is
weak, being on the order of 0.1 meV for two spin '/, ions
separated by 2 AL but is responsible for the formatlon of
various ferromagnetic (FM) domains in an FM material.®

In discussions of the 3D magnetic order and the spin
orientation of a magnetic solid, the MDD interaction is often
neglected. However, this interaction can become non-negligi-
ble if the spln S of a magnetic 1on is large, because the MDD
interaction is proportional to S>. Thus, the spin ice behavior of
the frustrated magnetic yrochlore compounds Dy,Ti,O7 and
Ho,Ti,O; (with Ho'™ £'% and Dy** f° ions, respectively) at a
very low temperature is explained in terms of the MDD
interactions.” It is an open question as to whether there is
any d-electron magnetic system whose spin orientation and
magnetic ordering are governed by MDD interactions. As a
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likely candidate for such a system, we consider the ternary iron
oxide Sr;Fe,Os, which consists of Fe,Os ladder chains made
g of corner-sharing FeO, s%uare planes with a high-spin Fe*"
d” (S = 2)ion (Figure 2a,b).° At 4 K, the M&ssbauer spectrum
of Sr3Fe,Os indicates a 3D antiferromagnetic (AFM) order
and the neutron powder diffraction of Sr;Fe,Os reveals a (24,
2b, ¢) superstructure with an iron moment parallel to the ¢
direction, i.e., the rung direction of the spin ladder (Figure 2c).
Two important questions arise from this observation: (a) Is the
MDD interaction responsible for the 3D AFM ordering of
Sr3Fe,O5? (b) Why does the spin orientation prefer the ¢
direction rather than the b direction (Figure 2d) or the a
direction. In the following, we probe these two questions.
We first examine the 3D AFM ordering of SrsFe,O5 from
the viewpoint of its five SE paths J;—Js. These parameters are
evaluated on the basis of first-principles density functional
theory (DFT) electronic structure calculations for the six
ordered spin states of Sr3Fe,Os depicted in Figure 3, where
the spin arrangement presented has either the AFM or FM
arrangement between adjacent sheets of spin ladders along the
a direction. Our spin-polarized DFT calculations employed the
projected augmented- wave method encoded in the Vienna ab
initio simulation package,' the generalized gradient approxi-
mation (GGA) for the exchange-correlation correction,'' the
plane-wave cutoff energy of 400 eV, a set of 8 x 8 x 2 k points,
and the threshold 10~®eV for self-consistent-field (SCF) energy
convergence. The strong electron correlation associated with
the Fe 3d states was taken care of by performing GGA plus
onsite repulsion (GGA + U) calculations'? with U = 4.6 ¢V,
the value used for the study of SrFeO,."* The spin orientations
of the magnetic ground state were examined by performing
GGA + U + SOC calculations.
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Figure 1. Four interactions governing the spin orientation of magnetic
ions in space: In the SOC interaction, 4 is the SOC constant, with S and L
representing the spin and orbital angular momentum operators of a given
spin site, respectively. In the SE interaction, J;;is the parameter associated
with the SE between the spin sites i and j, respectively. In the AS
interaction, the Dzyaloshinsky—Moriya vector D arises from the differ-
ence in the unquenched orbital angular momenta on the two spin sites
iandj.' In the MDD interaction, g is the electron g factor, ug is the Bohr
magneton, a, is the Bohr radius (0.529 177 A), r;; is the distance between
the spin sites i and j, and e; is the unit vector along the distance.

Table 1 summarizes the relative energies, per the (2a, 2b, ¢)
supercell [i.e., per eight formula units (FUs)], of the ordered
spin states of Sr3Fe,Os obtained from the GGA + U
calculations. The A3* state is found to be the magnetic
ground state in agreement with experiment.® To extract the
values of the SE parameters J,—Js, we express the energies of
the ordered spin states in terms of the spin Hamiltonian

H==>"J;S;5 (1)

i<j
where J;; (=J1, J2, J3, J4, or Js) refers to the SE parameter for
the spin sites i and j. By application of the energy expressions
obtained for spin dimers with N unpaired spins per spin site
(in the present case, N = 4),'* the total SE energies per eight
FUs are written as
E(FM) = (—16J, —8J, —16J3 —16J5 —32J4)(N*/4)

E(A0) = (—16J; —8J, —16J5 —16J5+32J4)(N?/4)
E(Al) = (+16J; —8J,416J3 —16J5)(N?/4)
E(Al%) = (+16J; —8J2+16J3+16J5)(N?/4)

E(A2) = (—16J,+8J,+16J3 —16J5 —32J4)(N*/4)
E(A3%) = (+16J,+8J2 —16J3+16J5)(N?/4)  (2)

Thus, by equating the relative energies of the ordered spin states
from the GGA + U calculations to the corresponding energy
differences from the total SE energies, we obtain the values of
J1—Js listed in Table 2. The nearest-neighbor (NN) exchanges
J1 and J, are the two strongest AFM interactions. Compared
with J; and J, the next NN exchange J5 is negligible so that,
practically, there is no spin frustration within each spin ladder.
The interladder SE parameter Js5 along the « direction is
substantial, which will lead to a strong AFM coupling between
the spin ladders along the a direction. J;, J,, and J5 of Sr3Fe,Os
are comparable in magnitude to the corresponding SEs of
SrFe0," and form 2D slabs of spin ladders parallel to the ab
plane (hereafter, llab slabs). The interladder exchange J,
between adjacent Il ab slabs along the ¢ direction is extremely
weak so that the spin—Ilattice of SrsFe,Os is gractically 2D in
nature. In agreement with the experiment,” the 3D AFM
structure predicted from Jy, J», and Js is a (2a, 2b, ¢) super-
structure, regardless of whether J4 is FM or AFM.

(14) (a) Dai, D.; Whangbo, M.-H. J. Chem. Phys. 2001, 114,2887. (b) Dai,
D.; Whangbo, M.-H. J. Chem. Phys. 2003, 118, 29.
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Figure 2. Fe,0s spin ladders and spin orientations in Sr3Fe,Os: (a) ab-
plane projectional views of the Fe,Os spin ladders; (b) ac-plane projec-
tional views of the Fe,Os spin ladders; (c) observed Il ¢ spin orientation in
each Fe,Os spin ladder; (d) hypotheticalll » spin orientation in each Fe,Os
spin ladder. The numbers 1—5 in parts a and b represent the SE paths J;,
Jo, J3, Jy, and Js, respectively.
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Figure 3. hc-plane projectional views of the six ordered spin arrange-
ments of Sr;Fe,O5 employed for the extraction of the five SE parameters
J1—Js. Between adjacent sheets of spin ladders along the a direction, the
spin arrangement has the FM coupling in the FM, A0, A1, and A2 and
states but the AFM coupling in the A1* and A3* states.

Table 1. Relative Energies of the Six Ordered Spin States of Sr;Fe,Os (meV per
Eight FUs) Determined from GGA + U Calculations

FM 1393.58 Al* 337.30
A0 1394.82 A2 935.81
Al 527.35 A3* 0.00

Table 2. Values of J;—Js (in kgK) Determined from GGA + U Calculations

Ji —73.92 Ju 0.06
Jo —70.42 Js —17.22
J3 —4.64

Between adjacent llab slabs, the paths J, and J; form
isosceles triangles (J», J4, and Jy; Figure 2a) and the paths Js
and Jy also form isosceles triangles (Js, Jy4, and Jy; Figure 2b).
Given that J, and Js are AFM, therefore, the interslab
interactions are frustrated regardless of whether J4 is FM or
AFM. Consequently, the interslab interaction J, cannot bring
about a 3D AFM ordering for Sr;Fe,Os. We verify this
conclusion by calculating the 3D AFM ordering temperature
(Tn) of Sr3Fe,Os in terms of J;—J5 on the basis of the Monte
Carlo (MC) simulation method used to calculate 7% of
SrFe0,."* As expected, our MC simulation shows that
Sr3Fe,Os5 does not undergo a 3D ordering, regardless of the
sign and strength of J4. This means that Sr;Fe,Os cannot
undergo a 3D AFM ordering in terms of SE interactions alone.

To examine why the spin orientation of Sr;Fe,Os prefers
the ¢ direction, we carry out GGA + U + SOC calculations



Communication

Table 3. Relative Energies (in meV per Eight FUs) of the lla, Il b, and ll¢ Spin
Orientations of the Magnetic Ground State A3* Calculated from the GGA + U +
SOC Calculations and from the MDD Interaction Energies

SOC MDD
lla 1.843 0.258
b 0.217 0.102
e 0.000 0.000

for three spin orientations of the magnetic ground state A3*,
namely, the spin orientations along the a, b, and ¢ directions
(hereafter referred to as thella, Il b, and Il ¢ spin orientations,
respectively). For these GGA + U + SOC calculations, we
reached the SCF energy convergence of 10~ * meV for thella,
I1h, and Il ¢ spin orientations. Our calculations show that the
I1h and Il ¢ spin orientations are more stable than the Il a spin
orientation by 1.63 and 1.84 meV per eight FUs, respectively
(Table 3). This is consistent with the experiment in that the
spin orientation is predicted to be perpendicular to the a axis.
To explain the latter, we consider the effect of SOC at each
high-spin Fe** d° site by employing two independent co-
ordinate systems for the orbital and spin angular momentum
operators, e.g., (x, y, z) for Land (¥, )/, /) for S. If the Z’ axis
of the spin (i.e., the preferred spin orientation) is specified by
the polar angles 6 and ¢ of the (x, y, z) coordinate system, the
SOC operator Hsoc = AS- L is given by"

. JOVAN 1. _ 1.
Hsoc =AS» (Lz cos 0 + §L+ef’¢’ sin 0 + EL_eld’ sin 0)

A . Fo g2 0 0

§S+/ (—Lz sin @ —L_e ' sin’ §+L_el¢ cos’ 5)

Ay . P 0 -~ 4 .10

=S | =L, sin O+L e cos®> = —L_esin*> = | (3)
2 2 2
where the expressions of the first line are the spin-conserving
terms, while those of the second and third lines are the spin-
non-conserving terms. Given the SOC as the perturbation,

the occupied d states ¢ of each Fe*' site can interact with
the unoccupied d states ¢ynocc to lower the energy by

<¢occ‘]:150C |¢unocc>2/AE (4)

where AE = Ey.. — Eunoce and Eqc and Ey, . are the energies of
Poce ANA Punoce, respectively. The most important states for this
energy lowering are the ones with the smallest energy gap AE.
Figure 4 shows the plots of the partial density of states (PDOS)
obtained for the Fe d states in the magnetic ground state A3*
from GGA + U calculations. As expected for the high-spin d°
ion, all up-spin d states of Fe*" are occupied. Among the down-
spin d states, the Zstateis occupied, as is also found for SrFe0,."?

Thus, the smallest AE occurs within the down-spin d states
so that only the spin-conserving part of the SOC is important,
hence leading to the approximation''?

. o - 1. _, 1. .
Hsoc ~ AS. <Lz cos 6 + §L+e71¢ sin 6 + EL_e”’ sin 0>

(5)

Consequently, only the (z*}|Hgoclxz¥) and (z3Hgoc|yzt)
terms can be nonzero, and their values are maximum when
6 = 90°. This explains why the spin orientation is perpendi-
cular to the z direction (i.e., perpendicular to the « axis).
Our GGA + U + SOC calculations predict that the Il ¢ spin
orientation is slightly more stable than the ll 5 spin orientation

Inorganic Chemistry, Vol. 48, No. 19,2009 9053

| ta)tspin 2 opsn [ 2
A _-'n‘. U
] A xy I w ”
1 | yz yz T ) )
| B
| Xz Xz \/
| L)
1 = - ‘;2 1 x2-y2 % V
LA wal o
8 -4 0 4 8 P 2

Figure 4. PDOS plots of the Fe 3d states obtained from GGA + U
calculations for the magnetic ground state (i.e., the A3* state) of Sr3Fe,Os.
The coordinate for the orbitals is chosen such that the x, y, and z axes are
parallel to the b, ¢, and a directions, respectively (see Figure 2). The energy
scale is in electronvolts. The DOS scale covers 4.5 states/eV/atom for each up-
spin PDOS plot and 3.0 states/eV/atom for each down-spin PDOS plot.

(Table 3). This is so because the xz¥ band is slightly wider than
the yz¢ band due to the fact that the spin ladder chain runs
along the x direction. To see how the observed Il¢ spin
orientation is enhanced by the MDD interactions, we calculate
the MDD interaction energies for the lla, Ilh, and ll¢ spin
orientations of the magnetic ground state A3* of Sr3Fe,Os.
Withg = 2, S = 2, and (gug)*/ay> = 0.725 meV, we calculate
the MDD interaction energies, per eight FUs, for thella, 115,
and |l ¢ spin orientations by summing up all of the MDD terms
whose distances r; are shorter than a cutoff distance r.. Our
calculations of the MDD interaction energies converge quickly
asr.isincreased (see Figure S1 of the Supporting Information).
When r, = 265 A, the MDD interaction energies are calculated
to be accurate within 0.2 x 10~* meV. In terms of the MDD
interactions (Table 3), the Il ¢ spin orientation is favored over
the Il b spin orientation by 0.10 meV per eight FUs, which is, in
turn, favored over thell a spin orientation by 0.16 meV per eight
FUs (Table 3). The MDD interaction prefers the spin orienta-
tion perpendicular to the « axis, although its effect is much
weaker than the SOC effect. As for thell ¢ vsll b spin orientation,
the MDD interaction shows a slightly weaker (by a factor of 2)
preference for the ll¢ spin orientation than does the SOC
(Table 3). Because SOC is a single-site interaction, it cannot
determine the magnetic ordering between the antiferromagne-
tically ordered Il ab slabs. It is the MDD interaction, being a
long-range multisite interaction, that provides their 3D mag-
netic ordering. Thus, the MDD interaction is essential for the
3D magnetic ordering of Sr3Fe,Os. For compounds crystal-
lizing in the Ruddlesden—Popper-type layered perovskites (e.
g., La,CuO4 and SrsMn,0), in which the SEs between
adjacent layers are frustrated, their 3D long-range magnetic
ordering should also be governed by a combined effect of the
SOC and MDD interactions.

In summary, the spin—lattice of Sr3Fe,Os is 2D in nature in
terms of its SE interactions but undergoes a 3D magnetic
ordering as a consequence of the combined effect of the SOC
and MDD interactions.
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