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Nature of itinerant ferromagnetism of SrRuO;: A DFT+DMFT study

Minjae Kim and B. I. Min
Department of Physics, PCTP, Pohang University of Science and Technology, Pohang 790-784, Korea
(Received 12 February 2015; revised manuscript received 20 April 2015; published 18 May 2015)

‘We have investigated the temperature-dependent evolution of electronic structures and magnetic properties of an
itinerant ferromagnet SrRuQOj;, employing the combined scheme of density functional theory and dynamical mean-
field theory (DFT4-DMFT). The inclusion of finite dynamical correlation effects beyond DFT well describes not
only the incoherent hump structure observed in the photoemission experiment but also the temperature-dependent
magnetic properties in accordance with experiments. We have shown that the magnetization of SrRuOj; evolves
with the Stoner behavior below the Curie temperature 7, reflecting the weak itinerant ferromagnetic behavior,
but the local residual magnetic moment persists even above 7, indicating the local magnetic moment behavior.
We suggest that the ferromagnetism of SrRuO; has a dual nature of both weak and local moment limits, even
though the magnetism of SrRuOj; is more itinerant than that of Fe.
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I. INTRODUCTION

Electronic correlation effects in itinerant ferromagnetism
are one of the most essential subjects in condensed-matter
physics [1]. In general, there are two limits in describing itin-
erant ferromagnetism. One is the weak ferromagnetic limit, in
which the magnetic behavior below the Curie temperature 7, is
well described by the Stoner theory. In this limit, the correlation
effect is not very strong, and the Curie-Weiss susceptibility
above T, is explained by the spin fluctuation in the reciprocal
space. The other is the local moment limit, in which the
magnetic behavior is well described by the Heisenberg theory.
The Curie-Weiss susceptibility above T, is explained by the
localized spin in real space. For example, ZrZn, is thought to
be close to the weak ferromagnetic limit [2], while Fe is close
to the local moment limit [3]. Many itinerant ferromagnets,
however, seem to be in the intermediate regime between those
two limits. Usually, both longitudinal and transverse spin
fluctuations have been taken into account to describe itinerant
ferromagnets in the intermediate regime [4,5].

SrRuOj is a well-known itinerant ferromagnet which has
numerous interesting properties [6]. The fundamental question
on SrRuOj is whether its magnetism belongs to the weak ferro-
magnetic limit or to the local moment limit. Low-temperature
electronic structures and magnetic properties of SrRuO; are
well described by band structure calculations based on the
standard density functional theory (DFT) [7-9]. However,
there are also several experimental indications of the sizable
electronic correlation effects and the localized magnetic
moment in real space. Photoemission (PES) data show that
there is an incoherent hump spectrum at 1 eV below the Fermi
level Er, which is a signature of the non-negligible electronic
correlation strength U [10,11]. According to magneto-optical
and angle-resolved photoemission spectroscopy (ARPES)
experiments, there remains a finite exchange splitting up to
T, (~160 K), reflecting the local magnetic moment behav-
ior [12,13]. Indeed, the ratio of the Curie-Weiss moment and
the saturation moment, P,/ P;, is close to 1 (~1.3), implying
the existence of local magnetic moment [14]. The temperature
T derivative of the magnetic part of the resistivity also shows
the local magnetic moment above T, [15]. According to recent
T-dependent optical data [16], the magnetic moment below
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T. evolves with Stoner behavior, but above T, there is a finite
short-range-ordered localized magnetic moment that drops
linearly with increasing 7.

These experimental indications suggest that, to describe
the itinerant ferromagnetism of SrRuO3, one may have to take
into account the dual nature of Ru 4d electrons, itinerancy,
and localization. The DFT4-U method considering the static
electronic correlation U was used to describe the incoherent
hump feature in PES experiments [17]. DFT4+U, however,
cannot describe both the coherent and incoherent spectra
simultaneously. In view of the dual nature of Ru 4d electrons
in SrRuQs, the electronic correlation effect should be included
dynamically. Thus, the combination of DFT and the dynamical
mean-field theory (DFT+DMFT) will be a good choice for the
realistic description of the electronic structure of SrRuO; [18].
Actually, both the coherent and incoherent structures in the
PES of Ru 4d bands were reported to be well described by the
DMEFT [19]. However, the important 7-dependent evolution
of electronic structures and magnetic properties of STRuQOj3 has
not been explored yet and is the subject of the present study.

We have shown that the inclusion of the dynamical correla-
tion effect of Ru 4d electrons in SrRuOj3 successfully describes
not only its correlated electronic structure but also the
T -dependent evolution of electronic structure and magnetism
in accordance with experiments. We have confirmed that,
below 7., the magnetic moment evolves with the Stoner
behavior, reflecting the itinerant ferromagnetism. In addition,
we have shown that there is a localized magnetic moment,
which remains even above 7, and diminishes linearly upon
heating.

II. COMPUTATIONAL METHODS

We have performed the DFT4+DMFT calculations based
on the projection-embedding scheme, as implemented in
Ref. [20]. The correlated Ru 4d electrons were treated
dynamically with the DMFT local self-energy with #,, and
e, orbital projections, while the s and p electrons were
treated on the DFT level. The DFT calculation was done using
the full-potential linearized augmented plane wave (FLAPW)
band method [21,22]. As an impurity solver, we used the
continuous-time quantum Monte Carlo method and performed
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the analytical continuation [20,23,24]. For Coulomb interac-
tion parameters, U and J, we have employed U = 3 eV and
J =0.6 eV, as in existing DMFT calculations [19], which
describe experimental results of StRuO; well [17,25-28]. We
used the density-density form of the local Coulomb interaction
in the DMFT impurity solver for computational efficiency. We
have also performed the spin-polarized DFT calculations to
compare the DFT and DFT+DMFT results. For the crystal
structure of SrRuOs;, we have adopted the experimental
structure of the orthorhombic Pnma space group [29]. We
give more computational details and the crystal structures in
Appendix A.

III. RESULTS AND DISCUSSION

Figure 1 presents the band structures obtained with the
DFT and DFT+DMFT schemes at 7 = 100 K. In fact, the
DFT+HDMFT results represent the spectral functions A(k,w).
The seemingly complicated band structures of Ru #,, and e,
arise from the band folding from the cubic to the orthorhombic
Brillouin Zone (BZ). This feature is consistent with a recent
report for a similar ruthenate, CaRuQOj3, which has the same
Pnma space group [30]. There are interesting differences
between DFT and DFT+DMFT. In DFT+DMFT, one can
notice the following: (i) the narrowing of the coherent band
near Ep, (ii) the emergence of the incoherent feature below

Energy

Energy

FIG. 1. (Color online) (top) Band structures obtained with DFT
(left) and DFT+DMFT at T = 100 K (right). The size of the red
(blue) dot in the DFT plot denotes the amount of the 5, (e,)
component in the wave function. (bottom) DFT FSs (left) and
DFT+DMFT FSs at T =100 K (right). Up and Dn denote spin
up and down, respectively. The first BZ is provided in Appendix A.

PHYSICAL REVIEW B 91, 205116 (2015)

Er, especially for the spin-up band, and (iii) the reduction of
the exchange splitting. These features arise from the electronic
correlation effects and have also been observed in the previous
DFT+DMEFT calculations for Fe and Ni [31].

The flat bands in the vicinity of Er in Fig. 1 are the Ru
I, bands. It is seen that, due to the correlation effects, the
DFT+DMFT spin-up (majority spin) bands below —0.3 eV
become mostly incoherent, and those above —0.3 eV that are
coherent become narrowed with respect to the corresponding
DFT bands. In contrast, the DFT+DMFT spin-down bands
show just overall band narrowing and a weak incoherent
feature near the top. The more incoherent feature in the
spin-up band than in the spin-down band has already been
seen in previous experimental and theoretical studies on
itinerant ferromagnets, such as Fe, Co, and Ni [31-33]. Due to
almost filled spin-up #,, bands, the electron-hole pair scatterer
is composed of mainly spin-down electrons. The stronger
Coulomb scattering between spin-up and -down electrons will
produce larger self-energy for the spin-up electrons, which
brings about the more incoherent feature in the spin-up band.
It is also notable that, in DFT4+DMFT, the spin-up and -down
bands are shifted slightly up and down, respectively, so the
exchange splitting becomes smaller than that in DFT.

In the bottom panel of Fig. 1, Fermi surfaces (FSs) obtained
with the DFT and DFT+DMFT schemes are provided.
Seemingly different FSs between DFT and DFT+4+DMFT
arise from the smaller exchange splitting in DFT+DMFT. In
DFT+DMFT spin-up FSs, due to the shifting up of the bands,
electron pockets become smaller, hole pockets become larger,
and new hole pockets emerge compared to those in DFT. For
example, the electron pocket at k = T becomes smaller, the
hole pocket at k = Z becomes larger, and new hole pockets
appear between I' and Z. Just the opposite situation occurs
for the DFT+DMEFT spin-down FSs due to the shifting down
of the bands. For example, the electron pocket between I and
Y becomes larger, the hole pocket between I and Z becomes
smaller, and new electron pockets appear at k = T.

Comparing the DFT+DMFT results in Fig. 1 to ARPES
data provides valuable information on the correlation effects.
The spin-up hole pocket FS at k = Z is much larger in
DFT+DMFT than in DFT. The large hole pocket at k = Z
is indeed observed in the ARPES experiment [13]. As shown
in Appendix A, the orbital character of this hole pocket at
k = Z is xy and yz, which is consistent with the analysis of
the ARPES experiment [13,34,35]. On the other hand, ARPES
shows a kink feature in the spectral function at 65 meV below
Ep along I" and Z [13]. This kink was considered to arise
from the electron-boson interaction, which was proposed as
an origin of the small quasiparticle weight, Z ~ 0.3. However,
in our DFT+DMFT results, there is no clear kink feature near
Er, and the obtained Z’s below T, are 0.63 and 0.88 for
the spin-up and -down bands, respectively [see Fig. 4(d)],
which are much larger than the experimental Z ~ 0.3 [36].
Our results for Z are consistent with previous DFT+DMFT
results [37]. This indicates that the kink near Er and the
additional quasiparticle renormalization might not originate
from the local electron-electron interaction but from another
electron-boson interaction, such as a phonon or g-dependent
magnon that requires a scheme beyond the single-site DMFT.
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FIG. 2. (Color online) Ru 4d partial density of states (PDOS)
from DFT and DFT+DMEFT at different 7. Red solid and blue dashed
lines represent #,, and e, projected PDOSs, respectively. Calculated
magnetic moment Mg, at each T is provided. For DFT+DMFT at
T = 100 K, the coherent and incoherent parts are indicated.

Figure 2 presents the partial densities of states (PDOSs)
of #, and e, orbitals of Ru 4d electrons in the DFT and
DFT+DMFT schemes. The PDOSs manifest the low-spin
state of Ru 4d electrons with small occupancy of the e, orbital.
Note that the exchange splitting in DFT+DMFT decreases
upon heating. Interestingly, there still remains a finite exchange
splitting near 7. (T ~ 150 K), which is consistent with
magneto-optical [12] and ARPES experiments [13].

To examine the signature of electronic correlation effects
in SrRuO3, the Ru 4d PES spectrum [10,17] is compared
with near- Er PDOSs of DFT and DFT+DMEFT (T = 100 K)
in Fig. 3. Different from the DFT PDOS, the DFT+DMFT
PDOS shows both the coherent and the incoherent parts and
the shallow dip structure in between, which is consistent with
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FIG. 3. (Color online) The Ru 4d PES spectrum (black solid
line) [10,17] is compared with the calculated PDOSs in DFT and
DFT+DMEFT (100 K). Blue dotted and red dashed lines represent the
DFT and DFT+DMFT PDOSs, respectively, which are broadened
with a Gaussian function (0.10 eV FWHM). The coherent part at
—0.25 eV, the dip at —0.73 eV, and the incoherent part at —1 eV in
the PES data are indicated.
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the experimental PES data. Interestingly, the peak position
of the incoherent PDOS, 1 eV below Ep, is in agreement
with that in the previous DFT+U (U = 1 eV) result [17]. The
consistency between the DFT+U and DFT+DMFT results
justifies the use of a bit larger U = 3 eV in DMFT [28].

The finite dynamical Coulomb correlation in DFT4+DMFT
also reproduces the correct T-dependent magnetic properties
of SrRuO;. Figure 4(a) presents the DFT+DMFT results of
the Ru magnetic moment Mg, in StRuOj3 versus 7', which
shows that there are two regimes for the evolution of Mg, with
increasing 7. Below T = 200 K, Mg, drops rather rapidly
upon heating. On the other hand, above T = 200 K, Mg,
diminishes rather slowly upon heating. It is noteworthy that a
significant local magnetic moment remains near 7, (0.27u g at
T = 150 K), which seems to persist even above T,.. According
to the Stoner theory, the local magnetic moment at 7 = 0 is
supposed to be close to the DFT value (1.06u ), and it drops
to zero at T, with the T2 scaling behavior, as represented
by the blue line in Fig. 4(a). Thus the Mg,-T curve in
Fig. 4(a) indicates that the Stoner theory of itinerant magnetism
is not appropriate for describing the 7-dependent evolution
of the local magnetic moment in SrRuO; above T,. It is
seen that the 7-dependent behavior is different below and
above T =200 K. We designate the T regimes below and
above T = 200 K as the Stoner and residual moment regimes,
respectively.

Figures 4(b) and 4(c) present T-dependent behaviors of
magnetic moment in the Stoner and the residual moment
regimes, respectively. In the Stoner regime below T, Fig. 4(b)
clearly shows that the magnetic moment diminishes with the
T? scaling, which is in good agreement with the T-dependent
spectrum evolution in the optical experiment [16]. On the other
hand, in the residual moment regime in Fig. 4(c), the finite
local magnetic moment above 7, is seen to diminish linearly
with T, which is again consistent with the optical spectrum
experiment [16]. The T-dependent exchange splitting A,
of the 7, band in the inset of Fig. 4(a) also follows the T?
and T scaling behaviors below and above T, respectively.
The disappearance of the net macroscopic magnetic moment
above T, would be driven by the long-wavelength transver-
sal spin-wave excitations of the persistent local residual
moment [16,31].

The linearly diminishing behavior of the local magnetic
moment above T, in STRuOj3 is reminiscent of the theoretically
suggested behavior in Fe, which was derived by using the
Monte Carlo simulation including both longitudinal and
transverse spin fluctuations [5]. This kind of simulation is
in line with the intermediate approach between the weak
ferromagnetic limit and the local moment limit. However, in
the case of SrRuOj3, our result shows that the persistent local
moment above T is smaller and diminishes more rapidly with
increasing 7T than in Fe. For Fe, the persistent local moment
above T, is close to the T = 0 value with very little reduction
because Fe is close to the local moment limit. This difference
indicates that the magnetic properties of SrRuOj3 are much
more itinerant than those of Fe.

We have confirmed that ferromagnetic ordering restores
the coherent metallic nature in SrRuQOs3, as expected for a
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FIG. 4. (Color online) (a) The DFT4+DMFT results for the Ru magnetic moment Mg, in StTRuO; vs T. The blue line represents Mg, (1)
with the Stoner behavior below 7, = 160 K [Mg,(0) = 1.0645 from the DFT]. We assign the Stoner regime for 7 < 200 K and the residual
moment regime for 7 > 200 K. In the former, Mg, (T) shows the fast drop with 7, while in the latter, it shows the slow drop. We used averaged
My, values from the DMFT iterations, and the error bar corresponds to the standard deviation from the averaged value. The inset presents
the T-dependent exchange splitting A,, between spin-up and -down bands, which shows behavior similar to Mg,(T). A,, is defined as a
splitting between peak positions of spin-up and -down parts in the #,, PDOS. (b) The reduction of the scaled magnetic moment of DFT+DMFT
1 - %) vs the square of scaled temperature [(7/7,)?] in the Stoner regime. The blue linear line is from the least-squares fitting of data,
including the origin. We employed Mpgr as Mg, (T = 0) since the experimental magnetic moment of SrRuQj; is in good agreement with that
in DFT [9,14]. (c) The scaled magnetic moment of the DFT+DMFT (”;’%—MFFTT) vs the scaled temperature (7'/T.) in the residual moment regime.
The blue linear line is from the least-squares fitting. (d) The DFT+DMFT results for the quasiparticle weight Z of #,, orbital vs T'. Blue circles

and red squares represent Z’s for spin-up and -down electrons, respectively.

Hund’s metal [38,39]. Figure 4(d) presents the 7-dependent
quasiparticle weight Z of the t,, orbital. Z is estimated
from the analytically continued self-energy of the 7, orbital
in DFT+DMFT (Z =[1 — %Rez(a))]*l lw=0). Above T
(~150 K), the increasing spin-flip scattering upon cooling
reduces the coherence of the t,, orbital, as shown in the
diminishing Z in Fig. 4(d). On the other hand, below T, the
spin-flip scattering is suppressed with ferromagnetic ordering,
as shown in the enhancement of Z upon cooling. Therefore,
the crossover occurs near T, from the spin-flip-induced inco-
herent regime to the ferromagnetic-ordering-induced coherent
regime. We provide real frequency self-energies for several
T’s in Appendix B.

As mentioned earlier, for computational efficiency, we used
the density-density form of the local Coulomb interaction
instead of the rotationally invariant form. Thus the spin-
flip scattering effect might be somewhat underestimated in
the present calculations, and accordingly, the restoration of
coherence might also be underestimated with the onset of
ferromagnetism. The underestimation of the spin-flip scatter-
ing effect might also yield the overestimated 7, with respect
to the experimental value. However, as shown in Ref. [40],
the overestimation of 7, would be much smaller for systems
close to the weak ferromagnetic limit, such as SrRuOj3 and
Ni, than for those close to the local moment limit, such as Fe.
Therefore more studies are required to clarify the effects of
the rotationally invariant form of the Coulomb interaction for
various itinerant ferromagnets.

IV. CONCLUSION

We have shown that the DFT+DMFT calculations de-
scribe correctly the correlated electronic structure and the
T-dependent evolutions of local electronic structure and
magnetic moment in StRuO;. The obtained Stoner behavior

below 7. and the persistent local magnetic moment above
T, are consistent with experiments. The T-dependent local
magnetic moment evolution in StRuOs is similar to the case
in Fe. A more rapid drop of local magnetic moment in
SrRuOj above T, however, indicates that Ru 4d electrons in
SrRuOj; are more itinerant than Fe 3d electrons. The present
study of the T-dependent electronic structures and magnetic
properties based on the DFT+DMFT method will provide an
important tool for understanding fundamental properties in
various itinerant ferromagnets.
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APPENDIX A: COMPUTATIONAL DETAILS AND
ORBITAL CHARACTERS OF BANDS

In the DFT part of the DFT+DMFT calculation, the
local-density approximation (LDA) was used for the exchange
and correlation functionals [41]. We used 1000 k points
for the BZ sampling. In order to simulate the 7-dependent
ferromagnetism of SrRuQOj3, we broke the symmetry between
spin up and down in the self-energy. For the double-counting
correction, we used the fully localized limit (FLL) formula
with the fixed 4d electron occupancy from the LDA (ny; =
5.32). The FLL yields only a small energy difference from
the around mean field (AMF) formula in the present case
(0.0768 eV). We have also checked that our choice of U =3 eV
and J = 0.6 eV produces a reasonable magnetic moment of
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FIG. 5. (Color online) (a) The crystal structure of StrRuO;. The
local axes (x’ and z’), which are used for the orbital projection in
Fig. 7, are depicted. The y’ axis is nearly parallel to the b axis. We
have adopted the experimental structure of the Pnma space group [29].
(b) The first BZ of SrRuO;. High-symmetry points I', Z, T, and Y
for the band structure plots are depicted.

Ru at 100 K for the FLL case, while for the AMF case, the U
value should be larger than 3 eV but smaller than 4 eV to get
a reasonable result.

In the DFT4+DMFT calculation, we considered hybridiza-
tion functions with an energy window of 20 eV around the
Fermi level including both correlated #,, and e, orbitals. In
Ref. [39], physically relevant parameters, U = 2.3 eV and
J = 0.32 eV, were suggested for the frontier #,, orbitals in the
DFT+DMFT calculation of StRuQOj3. These parameters result
in Hund’s metallic nature in the ruthenium perovskites [39].
We think that our Coulomb interaction parameters, U =
3.0 eV and J = 0.6 eV, are compatible with the above
parameters because of the wider energy window of the
hybridization function. Indeed, we have checked that, if we
use a smaller U of 1 or 2 eV, the Ru magnetic moment is
found to be too small (~0.05up).

We have used the charge non-self-consistent DFT4+DMFT
scheme because the combination of the spin-polarized DFT
and DMFT has not been completely implemented yet. If
we perform the charge self-consistent DFT+DMFT calcu-
lation with the non-spin-polarized DFT loop, the itinerant
ferromagnetism of SrRuO; would not be treated properly
because the spin dependence in the hybridization function
from DMFT would be distorted in the non-spin-polarized DFT
loop.

To reduce orbitally nondiagonal components of the hy-
bridization function in the DFT+DMFT, we used the local
axes presented in Fig. 5(a). The orbital-projected DFT band
structures are provided in Fig. 6 along the symmetry lines
shown in Fig. 5(b).

To reduce the statistical noise from the continuous-time
quantum Monte Carlo method, we averaged each five-step
self-energy in consecutive order from 31 to 80 DMFT itera-
tions to obtain eight analytically continued self-energies [20].
Then we averaged magnetic moments from these eight self-
energies at each T and chose the electronic structure of the
one that had the magnetic moment closest to the averaged
value.
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FIG. 6. (Color online) The orbital-projected DFT band structures
of SrRuQO;. The size of the red, green, and blue dots denotes the
amount of the x’y’, y'z/, and x'z’ components in the wave function,
respectively. Up and Dn denote spin-up and -down bands. Note that
the spin-up band at the Z point near Er has x’'y’ and y’z’ orbital
characters.

APPENDIX B: SELF-ENERGY

The self-energies of SrRuO3 in DFT+DMFT are provided
in Fig. 7. The reduction of exchange splitting with increasing
T is evident in the ReX (w = 0). The trend of the % | w=0
value with variation of 7 is consistent with that of Z.
Upon cooling, the —W lw=o Vvalue first increases with
the enhancement spin-flip scattering, and with the onset
of ferromagnetism at 7 = 100 K, the —% lw=o value
decreases due to the reduction of spin-flip scattering.

The signature of the Fermi-liquid behavior is apparent
in the low-energy part (0.2 eV around Ep) at 100 K, as
displayed by the w linear behavior in ReX(w) and the w
square behavior in Im¥(w). The deviation from the Fermi-
liquid behavior in the higher-energy part is similar to that in
CaRuO3 [30].
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FIG. 7. (Color online) The self-energies of SrRuO; in
DFT+DMFT for T =100, 150, and 200 K (top, middle, and
bottom). Left (right) panels are for real (imaginary) self-energies.
Blue dashed (red solid) lines present spin up (spin down).
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