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Role of spin-orbit coupling in canted ferromagnetism and spin-wave dynamics of SrRuQO;
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A canted ferromagnetic arrangement with a long-range-ordered antiferromagnetic component is predicted for
the metallic StTRuO; orthoperovskite based on local-density-approximation-type electronic-structure calculation
including on-site Coulomb repulsion U and spin-orbit coupling. The electronic state of Ru*" ions and the nature
of nonzero orbital momentum are analyzed in detail. With regard to the density of states at the Fermi level, the
value of the magnetic moment, and the easy axis along the a-axis in a Pbnm setting, a good agreement with
the experimental data is achieved for U = 1 eV. The calculated parameters of magnetic exchange, including
the anisotropic and antisymmetric terms, are used to determine the magnon spectra. It is shown that notable
anisotropic exchange in SrRuOjs is responsible for a gap of 1.7 meV at the I' point of the magnon spectra, found
previously by inelastic neutron diffraction. The origin of the spin canting that is confined within the ab-plane
follows from the presence of the Dzyaloshinskii-Moriya interaction associated with the antisymmetric exchange.
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I. INTRODUCTION

Spin-orbit coupling (SOC) is at the root of distinct physical
phenomena such as anisotropic or antisymmetric exchange
interactions, magnetoelectric and spin Hall effects, Fermi-
surface topology, etc. It has been adopted to explain the elec-
trical and magnetic properties of various materials in the past
several decades. Concurrently, there has been a revival of in-
terest in the canting of spin magnetic moments in oxides with
late transition metal (TM) ions, since the SOC plays an impor-
tant role in such systems: it couples not only the spin and the
orbital momentum of the 5d electrons, but also the spin and
the lattice degree of freedoms. One of the most famous exam-
ples is the weak ferromagnetism in the antiferromagnetic insu-
lator Sr,IrOy4 [1]. This magnetic feature has been explained by
the lattice distortion, showing that the canting angle is nearly
identical to the tilting angle of the IrO¢ octahedra [2].

In the current study, we identify SrRuO;3 as an opposite
counterpart, representing weak antiferromagnetism in ferro-
magnetic metal. Although the effects of SOC are weaker in the
case of Ru 4d compared to Ir 5d, the presence of a spin-canted
phase in SrRuOj; has already been speculated on based on
the Dzyaloshinskii-Moriya interaction (DMI) [3]. More direct
support comes from calculations evidencing a deviation of the
orbital moment from the ferromagnetic axis while keeping the
parallel alignment of the spin moments [4]. This approach
showed, however, only a tiny canting angle of total moments
1.3°-1.7°. As an important advancement, the present results
are based on the noncollinear density-functional theory plus
on-site Coulomb repulsion U. They also take into account an
additional contribution to spin canting due to the orthorhom-
bic distortion [2], and they clearly demonstrate that magnetic
moment canting is favored over the collinear arrangement.
The spin-canted ferromagnet SrRuO3 of metallic conduction
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can thus be considered as a candidate for possible realization
of the chiral Hall effect [5,6].

SrRuOj is a ferromagnetic metal with Curie temperature
T. = 165 K and magnetic moment 1.69up with the easy-axis
in the a-direction [7,8]. Its perovskite structure displays or-
thorhombic Pbnm symmetry with four formula units SrRuO3
in the unit cell. The distortion from the ideal cubic perovskite
structure occurs due to double tilt (so-called buckling) of
RuOg octahedra, in which each octahedron is rotated by 6°
along the cubic [001] axis and inclined to 8°-9° by rota-
tion along the [110] axis [9-14]. The octahedra themselves
remain practically regular, with Ru-O bond lengths within
1.98-1.99 10%, nevertheless a small deviation 1° of the O-Ru-O
angle from the ideal 90° is present in the ab-plane. This results
in an anomalous ratio of the lattice parameters a > b, which is
opposite to the predictions of the Glazer structural description
for Pbnm supposing regular octahedra [15]. As the origin of
this distortion, a weak Jahn-Teller effect of #,, orbitals was
tentatively proposed [14].

With regard to the temperature evolution of SrRuO;
structure, the most important structural data obtained by
high-resolution neutron diffraction [13,14] indicate that, upon
further cooling below T;, the Ru-O distances do not show
any common shortening, rather they seem to increase slightly.
In lattice parameters, an abrupt change of thermal expansion
coefficients is observed, and so the sample volume remains
practically constant below 7, = 165 K, thus recalling the Invar
effect in Fe-Ni alloys [14,16,17]. Since tilting angles do not
show any anomaly at 7¢., and the distorted O-Ru-O angle in the
ab-plane is not changed at all, the origin of the Invar behavior
of SrRuO5; remains unclear.

Inelastic neutron scattering (INS) and neutron Brillouin
scattering (NBS) have been applied to investigate the
spin-wave dynamics. The NBS experiment performed on

©2022 American Physical Society
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a powder sample of SrRuO; has shown a dispersion of
standard quadratic form starting at the I" point with an energy
gap A ~2 meV. The stiffness constant Dy amounts to
62 meVA? at low temperature and decreases with increasing
temperature down to zero at 7. [18,19]. The magnon gap
exhibits only a weak and nonmonotonous temperature
dependence. It is proposed that such a property comes from
a small contribution of Weyl fermions to the spin anisotropy
energy, and that this contribution is proportional to the
anomalous Hall effect; see also [20].

The temperature dependence of magnon dispersion of
SrRuO; single crystal has been studied by INS in [8]. It is
observed that the magnon modes display substantial broad-
ening, indicating a strong interaction with charge carriers.
The nonmonotonous temperature dependence of both the
magnon gap and the stiffness constant, which follows that
of the anomalous Hall effect, has also been observed. The
low-temperature stiffness constant Dgig= 87(2) meVA? and
the energy gap A = 0.94(3) meV are determined. Another
study of the StTRuO3; magnon spectra has been performed on
epitaxial films [21]. A substantially smaller magnon gap of
A = 0.32 meV is reported. Several possible sources of this
smaller gap, such as the higher-symmetry tetragonal structure
imposed by the interfacial strain and the impurity levels due
to Ru and O vacancies, have been discussed.

In what follows, we focus on the determination of the
canted FM state of SrRuOj; using the LDA+U+SOC method,
a detailed characterization of 4d electronic states at Ru*"
sites with eigenvectors and occupation numbers specified, and
the calculation of tensors describing the anisotropic and anti-
symmetric exchange interactions and subsequent derivation of
magnon spectra in StTRuOs.

Orbital effects of t,, electrons

In the present case of the metallic ferromagnet StRuOs, the
electric conduction is dominated by electrons in the partially
occupied spin-down band of Ru(#,,) — O(7r) origin, while the
spin-up band is practically full. The electronic state in the
atomic sphere of Ru** can be viewed, by applying the model
of a strong crystal field, as one #,,(] ) electron outside the fully
occupied ti,(T) shell. In a regular RuOg octahedron, the single
I, electron thus appears in triple orbital degeneracy, and it is
described by a mixed quantum state with equal populations of
three orthonormal wave functions making the basis of the t,,
space—the d,,, d,., and d,, triplet being one possible choice.
Such a mixed quantum state is characterized by a cubic distri-
bution of electron density as illustrated later in Fig. 5.

Ionic triplets may be conveniently described as states with
fictitious angular momentum quantum number L = 1 [22].
Considering then the free-ion origin of #,, states, the most ob-
vious (commonly known) eigenstates are ¥ = 1 /«/E(dyZ +
i.dyx;), Yo =dyy, and Yy_; =1/ «/E(dyZ — i.dy;) characterized
by L, =1, 0, and —1, respectively. The triplet orbital de-
generacy can be lifted by Jahn-Teller or spin-orbit coupling
effects. In the former case, a singlet orbital state of anisotropic
electron density is stabilized by a spontaneous distortion of the
octahedron that can be of e, and ,, character. Some examples
of the Jahn-Teller effect, represented by real-valued wave
functions, are given in the upper row of Fig. 1. They are cou-

(c)

FIG. 1. Upper row: Examples of the Jahn-Teller stabilized
eigenstates and their associated octahedral distortion (red arrows).
(@) Yo=d, in the f,®e, effect, and (b) Yo = 1//3(dy +
dy, +d;), (¢) Yo = 1/+/2(d,, — dy;) in two kinds of the he ®
b, effect. Lower row: Complementary states making a doublet
of unquenched orbital momenta (blue arrows). (a') ¥ = ¢, =
1/3/2(dy. + i.d,.) with L. along [001], (b) ¥ = ¥, = 1/+/3(dy, +
e B3d,, + e~73d, ) with L, along [111], and (¢') ¥ = ¢¥*, =
1/3/31dyy, +i.(d,. + d,.)] with L. along [110].

pled with distortions of three types: (a) tetragonal stretching,
(b) trigonal shear, and (c) orthorhombic shear. Note that only
the variants (a) and (b) and their symmetrical equivalents can
become ground states of the Jahn-Teller effect in systems with
T>, or Ty ions in strictly regular octahedra (see, e.g., [23]).

Lifting of triple degeneracy by SOC is a more complex
phenomenon. Instead of the stabilization of the singlet state,
a complementary doublet state is stabilized by octahedron
distortion of opposite sign, with an energy gain of half of
that for the Jahn-Teller effect. Nonetheless, the orbital mo-
mentum of doublets is not quenched, and additional energy
is gained by SOC, leading to a preference over the purely
electrostatic Jahn-Teller effect [24,25]. Illustrative examples
of such doubly degenerate states, represented by a pair of
complex-conjugated wave functions with the same electron
density distribution but opposite orbital momenta, are given
in the lower row of Fig. 1. Each of the doublets in (a’), (b'), or
(¢), with the corresponding singlet (a), (b), or (¢) added, can
be considered as a distinct realization of the #,, triplet with
fictitious Zz ==+1,0.

All of the above-mentioned description and dominance
of the SOC effect applies primarily to localized electrons in
systems with 15, or Tj, ions. We will show later that also in
the present case of metallic StTRuOs3, the 4d electronic states
within the Ru** centered Wannier function exhibit a similar
effect, where energy gain is achieved mainly by eigenvectors
with unlike occupation of L, = 1 and —1 and therefore some
nonzero momentum, while total electron density remains very
close to the ideal cubic distribution.

II. COMPUTATIONAL METHOD

Density-functional theory (DFT) calculations using the
Vienna ab-initio simulation (VASP) package [26,27] were
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carried out with a k-mesh of 12x12x8 points and a plane-
wave cutoff of 600 eV. The projector-augmented wave (PAW)
[28] potentials with the local density approximation (LDA)
[29] were used. The DFT+U approach was applied to the
d-shells of the Ru sites with U =1 eV and Jg = 0.6 eV,
with the around mean-field (AMF) scheme [30] for computing
double-counting correction.

The fully unconstrained noncollinear calculations [31] are
performed to examine the canting of the local spin directions
due to the spin-orbit-coupling (SOC) effects. The orthorhom-
bic cell is described according to the neutron diffraction
experiments at 1.5 K [13].

To explore the detailed spin dynamics, a tight-binding
model is constructed from the DFT bands using the WAN-
NIER90 [32] package, including the Ru-d, O-p, and Sr-d
characters as a basis set. The magnetic exchange parameters
include the isotropic exchange Ji*°, the anisotropic exchange
J®, and the Dzyaloshinskii-Moriya interaction computed by
TB2J code [33] with a dense k-mesh of 24x24x 16 points.
The maximum distance for calculating the exchange param-
eters is set to 10 A. The magnetization curves are calculated
using the Depondt-Mertens method [34] implemented in
MULTIBINIT code [35,36], with a sufficiently large supercell
of 20x20x20 unit cells. The adiabatic magnon spectra are
obtained by SPINW code [37] through the linear spin-wave
theory [38].

The main results of the calculations are presented in
Secs. III' A and III B, and other important data concerning
the spin-up and spin-down density of states (see also the
similar result of Fang et al. [20]), details of the Ru** centered
Wannier function, the density, and parameters influencing
the magnon dispersion are available in the supplemental
material [39].

III. RESULTS AND DISCUSSION

A. Magnetic ground state of SrRuQO;

In the first step, we examined the possible canting of the
ferromagnetic spin moments by the LDA+U+SOC calcu-
lations. The initial direction of the spins was subsequently
aligned with the a, b, and c axes of Pbnm, and the noncollinear
spin configuration was refined for the values of U = 0.6-3 eV.
At the end of the refinement, each of the local spins was
slightly inclined by 2°-5° from the initial direction depending
on the value of U, whereas the net moment remained along
the initial axis.

The resulting energy differences of the canted config-
urations are compared in Fig. 2, where the noncollinear
configurations are labeled NCLa, NCLb, and NCLc for the
net moment along the a, b, and c¢ axis, respectively. The
energy of the collinear configuration along the experimentally
determined easy-axis a (CLa) is set to zero. The NCLa phase
has about 0.6 meV /f.u. lower energy than the CLa one for
the whole range of U. The energies of the NCL configurations
along b and c are also always lower than that of the CL config-
uration. The configuration with the lowest energy is NCLa for
smaller values of U < 1.1 eV, i.e., the theoretical easy-axis
is along the a-direction, whereas for larger U > 1.1 eV the

0
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FIG. 2. Energy difference plots with various values of U, includ-
ing SOC, of the NCLa (red circles), NCLb (blue squares), and NCLc¢
(green triangles) phases. Here, the energy of the CLa phase is set
to zero.

NCLb configuration has the lowest energy and the theoretical
easy-axis would be along the b-direction.

To find the value of U that best matches the experimental
properties, we have calculated the dependence of the spin
moments on U. The dependence for the NCLa configura-
tion is displayed in Fig. 3. The spin moments of NCLb and
NCLc configurations display the same dependence. The ex-
perimental value of 1.69ug [8] is reproduced for the value
of U =~ 1 eV, for which also the configuration NCLa is the
magnetic ground state, in agreement with the experimental
easy-axis a. The corresponding spin arrangement is illustrated
in Fig. 4—it can be described as a combination of FM order
along a, C-type AFM order along b, and G-type AFM order
along ¢ [40], i.e., the F,C,G; configuration allowed by Pbnm
symmetry. The figure shows also canting angles calculated
for various values of U. It is seen that local spin moments
are slightly tilted (~3° for U = 1 eV) in both the y and z
directions.

The formation of canted spin structure is primarily due to
the presence of significant SOC, thus the strong role of DMI
in SrRuO3, which is analogous to Sr,IrO4 [2]. Let us note that
there is also a direct relation to the octahedral tilt. To prove
this, we have performed the test calculation using the cubic
perovskite structure with no octahedra rotation (Ru-O-Ru an-
gles equal to 180°) and no octahedra deformation (O-Ru-O
angles equal to 90°). In this case, the collinear ferromagnetic
configuration was refined as the ground state, and all elements
of the DMI tensor were found to be zero. This confirms that
spin canting in metallic StTRuQj is conditioned by the octahe-
dra rotation.

We conclude that our calculations obtained with U = 1 eV
reproduce correctly the magnetic easy-axis and magnetic

2
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P17
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1.4 T T T T T T T T T T T
0.6 0.8 1 12 14 16 18 2 22 24 26 28 3
U

(eV)

FIG. 3. Calculated spin moments of the NCLa phase, with var-
ious values of U including SOC. The experimental value is 1.69up
[8]. The gap in the spin-up channel is opened at U = 1.6 eV.
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FIG. 4. Schematic view of the canted spin arrangement in the
NCLa phase (a) on the ab-plane at z =0 and 0.5, and (b) on
the ac-plane. The orange (yellow) circles and the red arrows indicate
the Ru (O) sites and the direction of the spin moment, respectively.
The corresponding angles with various values of U are presented in
(c). The orientation of spins corresponds to magnetic group symme-
try Pbm’n’ (the dash denotes the combination of a crystallographic
symmetry element with time inversion).

moment of StTRuQO;3. By applying this value, the StTRuO3 phase
is characterized as a canted ferromagnet of metallic conduc-
tivity with carriers of both spins, whereas opening a gap at the
Fermi level in a spin-up band can be expected only for U >
1.6 eV (see the supplemental material [39] for more details).
In addition, the calculated density matrix for the 4d-based
Wannier function allows us to determine the eigenvectors
in the full Ru-4d basis (See Table S.3 in the supplemental
material [39]), leading to the occupation of (0.979, 0.977,
0.975) and (0.605, 0.604, 0.600) for spin-up triplet and spin-
down triplet, respectively. It appears that the #,, spin-down
electron in the Ru atomic sphere is in a mixed quantum state
that is characterized by a cubic symmetrical distribution of
electron density as seen in Fig. 5, and this property is in
agreement with the magnetic density distribution of SrRuO;
determined recently using polarized neutron diffraction [41].

The presently calculated state is further charac-
terized by the nonvanishing orbital moment g L =
[0.023,0.001, 0.008]up, significantly inclined with respect
to the ferromagnetic easy-axis a [to 4.3°; see also
Fig. 4(c)]. With regard to the much larger spin moment
gsS = [1.285, —0.063, —0.073]up, it is slightly inclined
from the a-axis with respect to Pbnm coordinates. The angle
between local spin and orbital moments is 23°.

The eigenstates themselves are presented in the upper row
of Fig. 5. They show some similarity with one of the previ-
ously discussed model triplets in Fig. 1, namely the variant
(b, b’), and this is supported also by the fact that the orbital
moment g, L is inclined only 10° from the body diago-
nal of the RuOg¢ octahedron. As a better approximation, we
have constructed wave functions as complex combinations
within the ideal basis d,y, d,., and d,,. They are added to

FIG. 5. Density distribution of a t,, spin-down electron of Ru**
in SrRuOs;, obtained from the 4d-based Wannier functions. Up-
per row: The three eigenstates derived from the calculated density
matrix and its diagonalization (see the supplemental material [39]).
Lower row: Rough fit (modeling) of the triplet by wave functions
Y1 = 2dy, — (0.7 4+ D)dy, — (0.7 = i)dy;, Yo =—0.3d, +dy. + d,,
Y_; = ¥. Two pictures below compare the total #,, spin-down den-
sity calculated for SrRuO; (left) with ideal cubic density at equal
occupations of the eigenstates (right).

Fig. 5 for comparison. The obvious resemblance of both the
density-matrix derived and modeled triplets suggests that or-
bital momentum observed in StRuO; is formed by the larger
occupation of ¢ than v _;, actually 0.634:0.581 (see the
supplemental material [39]). The occupation 1 of 0.602 is
slightly less than the average of the previous ones, which
can be attributed to the octahedron distortion with the rather
anomalous O-Ru-O angle in the ab plane, decreased to ~89°.
This may mean that there is perhaps some role of the Jahn-
Teller effect, but it cannot be the reason for the Invar behavior
of SrRuOs3, since it appears below 7, without any noticeable
change of the O-Ru-O angle.

B. Spin dynamics

In the next step, we use the calculated exchange pa-
rameters of the effective spin Hamiltonian to explore the
temperature-dependent magnetic properties of SrRuOs. The
general expression for total energy was used:

E=—3 > B8 -85 4+ SIS + Dij - (S x 5] (1)
i j#i

where Ji*° refers to the isotropic Heisenberg exchange, the

tensor J*™ refers to the anisotropic exchange, and D; ; 1s the

Dzyaloshinskii-Moria interaction; see Part C of the supple-

mental material [39] for more details. The selected parameters

calculated for nearest neighbors by LDA+U+SOC using
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TABLE I. Calculated magnetic exchange parameters (in meV) for the nearest neighbors. The subscripts ab and ¢ indicate the direction of
the interactions: the former is between Rul at (1/2, 0, 0) and Ru2 at (0, 1/2, 0) on the ab-plane, while the latter is between Rul and Ru3 at
(1/2,0, 1/2) along the c-direction. J' is for the next nearest neighbors between Rul and Ru4 at (0, 1/2, 1/2). Here, only the diagonal elements

of the anisotropic terms (J2, J2, J3") are exhibited.

xx My 2

iso iso ’ ani
Jab JL‘ J ab

- -

J 3ni D ab D, c

CLa 5319 4201 0.134
NCLa 5.293 4.207 0.189

(—0.383, —0.362, 0.063)
(—0.351, —0.514, 0.004)

(0.016, —0.002, —0.932)
(—=0.204, —0.021, —0.895)

(—1.228, 0.166, 0.405)
(—1.198, 0.818, 0.094)

(0.200, —0.803, 0.000)
(0.125, —0.051, 0.001)

U =1 eV for CLa and NCLa configurations are displayed
in Table I.

Since SrRuOj3 displays metallic-type conductivity, the ap-
plicability of a localized spin model has to be verified.
The itinerant or localized character of the magnetism can
be distinguished based on the established Rhodes-Wohlfarth
ratio pefr/ psai, Where per = gSetr corresponds to the effec-
tive Curie-Weiss moment e = g4/S(S + 1), and pg =
8Ssae corresponds to the saturated magnetic moment. In the
case of localized moments, the ratio pef/psat = 1 1S pre-
dicted, whereas in the case of itinerant magnetism, the ratio
Peft/ Psat > 1 is predicted, increasing with decreasing ferro-
magnetic critical temperature 7¢. For SrRuOs; with Ty =
165 K, the ratio pest/psar ~ 3 would be expected for itinerant
magnetism based on the Rhodes-Wohlfarth plot; see, e.g.,
Fig. 7.2. in [42]. However, according to the experimentally
determined effective and saturated moments, the observed
ratio pesr/ psar 1s between 1.2 and 1.3 [43,44]. Hence, StTRuO;3
is closer to the local magnetic moment behavior than to the
itinerant, and the localized spin model is applicable. For more
details regarding the quality of the Wannierization, see the
supplemental material [39] and Refs. [33,45] therein.

Figure 6 shows the magnon dispersion of the NCLa
phase calculated using the anisotropic exchange and DMI
tensors (see Table I). The manifestation of the individual
exchange parameters in the magnon spectra is the following.
The anisotropic exchange J*"' makes a small magnon gap of
~1.7 meV at the I" point. The isotropic exchange J*° deter-
mines the stiffness constant D¢ and therefore it is related to
the slope of the momentum dependence of the magnon energy
near the I point. The DMI terms make a splitting of ~5 meV
mainly at the R point.

Compared with the experimental results, the calculated
magnon gap 1.7 meV is between the gap determined for
powder sample 2 meV in [19] and the gap determined for

100 8
1 a 1 (b
e @ | 1
> T B
£ 60 N 4-
= ]
5 40 5
g 1/
S 1 — =23
ZO‘Y /\\ N 1 = mn=10
] 0
o 0 0.1

R I X S Y I'Z UR T z Q® (A%
FIG. 6. Magnon dispersion of the NCLa phase with U =1 eV

(a) along the high-symmetry points in the BZ, and (b) along the

I to X direction with Q®. Here, a renormalization factor n is

applied to J*°.

single crystal 0.94 meV in [8]. On the other hand, the cal-
culated stiffness constant 32.47 meV;%z, and thus the slope
of the energy dependence, is significantly smaller than the
experimental data 62 meVA? reported in [19] and 87 meVA?
reported in [8].

Figure 7 shows the theoretical results of the magnetiza-
tion of the NCLa phase. The calculated critical temperature
80 K for U =1 eV is also significantly smaller than the
experimental 7, = 165 K. Better agreement with experimental
T. is achieved using U = 2.2 eV, however the Ji will be
inappropriate due to the wrong easy-axis (Fig. 2) and also the
magnetic moment would be much higher than experimentally
observed (Fig. 3).

Both the critical temperature and the slope of the energy
dependence are basically controlled by the stiffness constant
Dygisr, which is related to the isotropic exchange parameter
J¥°. One can control Dg; by applying a renormalization
factor 7 into the isotropic terms only, such as 1J'*°; for more
details, see the supplemental material [39].

The magnetization calculated using n = 2.3 is well fitted
to m(T) = my(1 — T/T.)? to reproduce the reported value
of T. = 165 K, and also the renormalized stiffness constant
Dygi= 64.34 meVA? is in good agreement with the experi-
mental value of 62 meVA? for the powder sample [18,19]. It
is important that a single renormalization factor is sufficient
to reproduce both experimental data. On the other hand, the
agreement with the stiffness constant Dg= 87 meVA? de-
termined for a single crystal in [8] would be obtained with
higher n, but this will also result in too high T;.

The isotropic terms J'*° are affected by the localization of
the electron densities, hence by the strength of the on-site
Coulomb parameter U. On the other hand, the anisotropic and
the DMI terms are governed by the SOC effects. Table I shows
the calculated magnetic exchange parameters of the CLa and
NCLa phases with U = 1 eV. Both J® and J2" show a clear

— U=1eV
— U=1eV(n=23)

T T T L A A LA B
20 40 60 80 100 120 140 160
T(K)

180

FIG. 7. Magnetization vs temperature curves of the NCLa phase
with U =1 eV (red), U =1 eV and n = 2.3 (purple), and U =
2.2 eV (black dashed). The corresponding parameters (7, 8) are
(81.1 K, 0.326), (163.6 K, 0.315), and (167.1 K, 0.314), respectively.
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anisotropy between the xx (yy) and the zz components, which
results in the magnon gap in StRuO;. The main difference
between the two cases is the distribution of the DMI terms.
The DMI is confined on the ab-plane in the NCLa phase,
while it remains strong along the c-axis in the CLa results.
Note that the isotropic interaction favors the angle between
two spins as 0° or 180°, while DMI favors 90°.

The staggered rotation of § around the a-axis by an angle
¢ ~ %tan_l(D/nJiso) = 3.0° [2], as a rough estimate with
ID| = 1.2 meV, J®° = (4750 + 2J15°) /6 = 4.94, and n = 2.3,
coincides with the noncollinear result of Fig. 4.

The large-scale factor of n = 2.3, applied to the metallic
ferromagnet SrRuQO3, can be understood as a consequence of
electron correlations that generally are not reflected properly
in the DFT method. Namely, the dynamical mean-field theory
(DMFT) methods [46—48] indicate that the bandwidth from
the DFT is about two times larger than the realistic one.
In other words, the w dependence on the self-energy ¥ (w),
which will induce a bandwidth renormalization, is absent in
the static mean-field theory such as DFT4U. Since the ratio
of the bandwidth W and the strength of U are important,
it is the origin of the underestimation of J*° in our results
with U = 1 eV. Let us note that in insulating antiferromagnet
SrtMnOj [49], which possesses a similar Pbnm perovskite
structure, the analogous calculations have shown about three
times larger magnitudes of exchange integrals, and the experi-
mental Ty = 250 K has been reproduced without any need for
renormalization [33].

C. Magnon heat capacity

In this section, we discuss the effects of the magnon
gap on the specific heat. First, let us consider an ideal
ferromagnet at low temperature at zero external magnetic
field. When dealing with spin wave excitations of small mo-
menta only (long wavelengths), the dispersion relation can be
simplified as

E(Q) = A + Dgir O, )

where A is the anisotropy gap, Dy is the spin-stiffness
constant, and Q is the wave vector. The internal energy
of a magnon in thermal equilibrium at temperature 7 is
given by [50]

g =L (BLYR 22
mag 47'[2 Dstiff e —1 ’

with x = DyirQ?/kgT. In the presence of energy gap A
in the magnon spectra, the variable x changes to x =
(A 4 Dyii0%)/kgT and the formula for internal energy is
changed to

dE. )

Umag =

1 / E(E — A)'/?
3/2 X
4m2 Dy e—1
The specific heat for a magnon is the temperature derivative
of the energy, as

8Uma
Cmag = Wg ©)

?0.6— A=0 . »
S g4 — A=1T7meV

ETN AR "
30.2— 0 17 (@) N¥
R Y <
SO0 : | :
: el
é
i 5
=

=1 )

g

&

=0 : : | | | ]

S o 10 20 3 400 80 160

T(K) 7 (K)

FIG. 8. Magnon specific heat of the NCLa phase with U = 1 eV
and = 2.3. The plots of (a) C vs T, (b) C/T*? vs T, and (c) C/T
vs T2 are obtained with Dyr= 64.34 meVAZ using Eq. (5).

The total contribution to the specific heat is
Ctot = Cel + Cph + Cmugv (6)

where Cgj, Gy, and Cy,g are contributions from the elec-
trons, phonons, and magnons, being distinguished by their
low-temperature terms of y 7T, ﬂT3, and §T3/2, respectively.

Figure 8 shows the plots of calculated magnon specific
heat for A =0 and 1.7 meV using Eq. (5). In the C ver-
sus T plot [Fig. 8(a)], the difference between the two cases
is not easily resolved. However, the C/T3/? versus T plot
[Fig. 8(b)] shows the main difference of the two cases, namely
that the integral in Eq. (5) is independent of temperature for
A =0, while it is increasing for A > 0. Figure 8(c) shows
the C/T =y + BT? + 8T'/? versus T? dependence, which
is usually employed in the analysis of the experimental data
in order to get the linear contributions of y and g and dis-
tinguish the magnon contribution as a deviation from the
linearity. In the case of metallic ferromagnet SrRuQOjs, the
low-temperature specific heat is dominated by an electronic
contribution characterized by the an experimentally deter-
mined coefficient y ~ 30-36 mJ mol ™' K2 [43,44,51,52],
whereas with increasing temperature the lattice contribution
BT? becomes prevailing. Nevertheless, the calculated magnon
contribution at, e.g., 10 K would make about 20% for A =0
and 13% for A = 1.7 meV compared to the sum of electron
and phonon contributions to the specific heat. This means that
the cases for A = 0 and A > 0 could be resolved and the gap
in the magnon spectra could be experimentally determined.
Let us note that for insulating ferromagnets with y = 0, the
magnon contribution would be dominant at low temperature,
and the determination of a possible magnon gap could be more
accurate.

IV. CONCLUSIONS

In the present work, we have analyzed SOC effects on
canting of the ferromagnetic configuration of SrRuOj in
dependence on the RuOg octahedral tilting, and we investi-
gated the influence of this canting on the electronic structure
and magnon spectra. The results of LDA+U calculations
with U =1 eV show a good agreement with the experi-
mental data on the magnetic moment, the absence of a gap
in the spin-up channel, and the correct easy-axis along the
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a-axis of the Pbnm perovskite structure. The canted spin
moments at Ru*t sites, obtained upon the SOC inclusion,
create certain long-range order that can be described as
a superposition of the C-type AFM component along the
b- and G-type AFM components along c. Together with
the main FM component along a, this gives a noncollinear
configuration of the magnetic group symmetry Pbm'n’. The
total magnetic moment of SrRuO; has been calculated to
1.75up per f.u., and the local spin and orbital moments for
the Ru(l) site at crystallographic position [1/2, 0, 0] are
quantified by vectors gsS = [1.285, —0.063, —0.073]up and
gL =[0.023,0.001, 0.008]g. Spin-orbit coupling has only
a marginal effect with regard to the metallic character of the
compound and the energy-dependent densities of states.

To illustrate the character of Ru*™ local electronic states
and the nature of the nonzero orbital moment, we note
that diagonalization of the density matrix, calculated for the
collinear FM model of SrRuO3; by LDA+U in the absence
SOC, defines ten real-valued eigenvectors of 4d electrons in
the full local basis d.y, d;, d.;, d,>—_y2, and d32_,2. They form
altogether a nearly fully occupied #,(1) triplet, a partially
occupied f2,4(] ) triplet, and a small number of e,(1) and eg({)
doublets. The charge density distribution of 4d electrons is cu-
bic symmetrical. In the present case of noncollinear LDA+U
calculations with SOC, the eigenvectors are complex-valued
with some spin-up/-down mixing, but analogous triplets and
doublets can still be identified. The most important effect of
SOC is detected for three eigenstates that form the triplet of
essentially #,,({) character and unquenched orbital momen-
tum. The occupation numbers are now differentiated, making
0.634:0.602:0.581 in contrast to nearly identical numbers

0.605:0.604:0.600 for the triplet calculated without SOC. We
thus conclude that the above-mentioned nonzero orbital mo-
mentum of Ru*" arises as a consequence of such an unlikely
occupation of #,({) eigenvectors of fictitious momentum
L. = %1, 0, whereas the calculated charge density distribution
remains cubic symmetrical or very close to this.

The other part of the present work has been devoted
to the determination of magnetic exchange interactions be-
tween the nearest and next-nearest Ru*t neighbors, based on
LDA+U+SOC calculation. The results point to a significant
contribution of the anisotropic and Dzyaloshinskii-Moriya in-
teractions in addition to the isotropic Heisenberg term. The
calculated exchange parameters have allowed us to determine
and interpret the magnon spectra in SrRuQj;. It appears that
the experimental data on the magnon gap are well reproduced,
and the stiffness constant and Curie temperature 165 K can be
fitted by means of the scale factor n = 2.3 that also matches
the renormalization of the calculated electronic bandwidth.
Finally, the effect of a magnon gap has been analyzed with
respect to its possible manifestation in the low-temperature
specific heat measurements of ferromagnets.
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