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Abstract

Magnetic properties of CrO, are studied within the density functional theory plus dy-
namical mean-field theory (DFT+DMFT) approach in the paramagnetic phase. While the
magnon dispersion in the 3-orbital model, containing only t,, states, possesses negative
branches in accordance with previous studies in ferromagnetic phase, this drawback
is removed in the 5-orbital model, including all d-states. The model including oxygen
states (with purely local interaction at chromium sites) overestimates the exchange inter-
actions and spin wave stiffness, pointing to important contributions of double exchange
in CrO,.
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1 Introduction

Half metals represent an important class of magnetic materials, see, e.g., the review [1]. Hav-
ing gapped minority spin band at the Fermi level in the ferromagnetic state, these systems
can possess large magnetic moment, which finds its industrial applications. The properties
of these systems are expected to be somewhat different from the strong magnets with both,
minority and majority states present at the Fermi level. In the latter case large magnetic mo-
ment originates from the electron localization induced by Hund exchange [2—4] and exchange
interaction is of RKKY type [5-7].

The prominent example of half metals with large magnetic moment is CrO,, which has
Curie temperature T, ~ 390 K and saturation magnetic moment u, ~ 2up per formula unit
[8,9]. The magnetic susceptibility shows the Curie-Weiss law with the square of magnetic
moment uZ, = (8.3 + 0.3)u3 determined from the slope of inverse susceptibility [8, 10],
which also corresponds to the effective spin S.¢ 2~ 1, in agreement with the above mentioned
saturation magnetic moment. These features can be considered as an indication of strong
magnetism with well formed local magnetic moments.

Near the Curie temperature, when the Stoner splitting is small, strong magnetic half metals
are expected to reveal closer similarity to the other strong magnets. The important question
is therefore whether magnetic properties of these systems originate from the presence of local
magnetic moments, and whether they strongly change between the low-temperature limit and
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in the proximity of Curie temperature. The related problem is whether the effects of interaction
in such strong half metal magnets are more important than pecularities of band structure yield-
ing half metallicity. Several experimental observations (photoemission, soft-x-ray absorption
and resistivity) show importance of correlation effects in CrO, [11-14]. Moderate correlation
effects were also observed in the angle-resolved photoemission (ARPES) experiments [15].
The conclusions of the latter study are also supported by bulk-sensitive photoemission data,
reported in Ref. [15], unveiling the occupied band structure of CrO, in the magnetic phase.

On the theoretical side, the density functional theory (DFT) calculations of CrO, [9,16-18]
revealed splitting of the d states into the low lying t,, states, which cross the Fermi level, and
hybridyzed with the oxygen states, and the e, states, pushed above the Fermi level. In turn,
the t,, states are split into the lower xy state and yz & xz excited states (the notation of
the states refer to the local coordinate frame). The dispersion of the xy states is almost flat,
which promotes the interaction effects. In particular, the localization of the xy states by the
interaction effects was suggested in Ref. [19]. The importance of correlation effects was also
emphasized in the subsequent L(S)DA+DMFT studies [15,20-23].

In accordance with the localization of the xy t,, states and more itinerant nature of the
yz+xz states the double exchange nature of magnetic exchange was proposed in Refs. [19,24].
Yet, recent experimental studies did not find mixed valence of chromium atoms [25, 26], in
contrast to the previous results [27]. The exchange interactions in CrO, were studied using
the DFT [28,29], Hartree-Fock [29-31], and the combination of DFT with the dynamical mean
field theory (DFT+DMFT) approach [29], which produce diverse values of exchange interac-
tions. Application of the DFT+DMFT approach to the effective 3-orbital model, containing t,,
states only, produced negative branches of the magnon dispersion, pointing to the instability of
ferromagnetism in that model [29]. The authors of Ref. [29] suggested inclusion of the oxygen
states to stabilize the ferromagnetism. Therefore, despite long history of studying CrO,, there
is no common view on the mechanism of magnetic exchange and the magnitude of exchange
interactions in this material.

Recently, the DFT+DMFT approach to treat the exchange interactions in the paramagnetic
state was proposed [32]. This approach provides a possibility to study exchange interactions
without imposing certain magnetic order, which allows one to obtain an unbiased information
about these interactions. For strong half metals, like CrO, this may also help to emphasize the
effect of correlations, especially near Curie temperature, where the corresponding magnetic
splitting of the states is small.

In the present paper we revisit the problem of magnetism of CrO, within the DFT+DMFT
approach. We show that in agreement with the earlier considerations the xy t,, states appear
to be more localized. We furthermore apply the recently proposed technique of calculation
of exchange interactions in paramagnetic phase within the DFT+DMFT approach [32]. Using
the obtained exchange interactions, we also obtain magnon dispersions and show that they
are qualitatively and semi-quantitatively similar to those obtained in the ferromagnetic state.
Remarkably, the magnon dispersion in the 5-orbital model (per chromium site) is positively
definite, providing stability of ferromagnetism due to the e, states.

Therefore, on the basis of these results, we show that magnetic properties of half metals can
be well described starting from the paramagnetic phase, showing the correspondence of the
properties of the symmetric and symmetry broken phases of these systems. Among considered
models, we find that the low enenrgy 5-orbital model (per Cr site), is quantitatively sufficient
to describe ferromagnetism of CrO,. We argue that 11-orbital model (per Cr site) requires
considering effects of the non-local Coulomb interaction.
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2 Methods

2.1 DFT

The CrO, has P4,/mnm space group (point symmetry group D,;). The DFT calculations were
performed using the pseudo-potential method implemented in the Quantum Espresso [33]
package supplemented by the maximally localized Wannier projection onto 3d states of Cr per-
formed within Wannier90 package [34], which produces the resulting tight-binding 5-orbital
model (here and in the following we specify the number of the orbitals per Cr site, the ac-
tual number of orbitals in the respective models is doubled because of the two sites in the
unit cell). For comparison, we also considered the tight-binding Hamiltonian, which includes
the p oxygen states, resulting in the 11-orbital model per Cr site. We use the lattice parame-
ters a = 4.422A, ¢ = 2.916A [29,35]. The reciprocal space integration was performed using
16 x 16 x 16 k-point grid.

The resulting band structure and the density of states are shown in Fig. 1. The e, (tg,)
states can be constructed in the 5-orbital model by choosing the symmetric (antisymmetric)
combination of d., and ds,._, states, as well as d,, and d, states in the global reference frame
(we perform the transformation d,, — —d,, and d,, — —d,, on one of the two chromium
sites); the third t,, state is identified with the d,»_. state in the global reference frame,
see Ref. [29]. We choose the rotation angles between the above mentioned states to diag-
onalize the crystal field; the obtained angle 6, of mixing of d,, and ds,._,» states is close
to /6 and for another pair of states it is equal to t/4. We note that Wannier functions of
the d states in the 5-orbital model contain also an admixture of the oxygen states near the
Fermi level (see Appendix A), while in 11 orbital model the hybridization is accounted via
the hopping parameters. To construct the model with 3 orbitals per Cr site, corresponding
to considering only t,, states, we project out the resulting e, states in the 5-orbital model
as Hes = Hy, +Hy, . [UpFT —H,, ]_1Heg,t2g, where ppgr is the DFT chemical potential and
H; and H;j (1,j = ey, ty,) are the respective diagonal and off-diagonal blocks of the tight-
binding Hamiltonian. We have verified, that the resulting Hamiltonian reproduces correctly
the dispersion of the t,, states close to the Fermi level, see Fig. 1.

2.2 DMFT

In DMFT calculations we consider the density-density interaction matrix, see the details in
Ref. [32]. For the 5-orbital and 11-orbital models we have parameterized the interaction at
the Cr sites by Slater parameters F® = 1.99 eV] F2 = 7.67 eV, and F* = 5.48 e\] as obtained
in Ref. [31]. For the 3-orbital model we use the Kanamori parameterization with the interac-
tions Uy = 2.84 eV and Jy = 0.70 €V, obtained in Refs. [29,31]. The corresponding Slater
parameters (see, e.g., Supplementary Material of Ref. [36]) Ug = 1.91 eV] Jg = 1.17 eV. The
parameter Us is smaller than the corresponding parameter Us = F° of the 5-orbital model
due to screening of the interaction. For 11-orbital model we use a double-counting correction
Hpc = Mpc D, Nirq in the around mean-field form [37],

MDC = <nird>[US(2n0rb_1) _JS(norb_l)]/(znorb): (1)

where n;,.4 is the operator of the number of d electrons at the site (i,r), i is the unit cell
index and r is the site index within the unit cell, n,y4, is the number of considered orbitals per
site, Jg = (F2 + F*)/14. We have verified that the fully localized form of the double counting
produces quite close results.
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Figure 1: Left plot: band structure (dashed lines) and its wannierization (solid lines)
in 5-orbital model (per Cr site, including only d states, blue lines) and 11-orbital (per
Cr site, including d states of chromium and p states of oxygen, red and blue lines)
models. The green circles show the band structure of the reduced t,, states model
(3 orbitals per Cr site, see text). Right plot shows the respective density of states.

2.3 Treatment of the d-p inetraction

Apart from the standard Coulomb repulsion in the chromium d-shell, parameterized by Slatter
parameters, we consider also a model including the d-p chromium-oxygen interaction Ug,, as
well as the repulsion between oxygen p-states, parameterized by Kanamori parameters U,
/ . . .
Upp, and Jpps with the Hamiltonian
/ /
_ Upp oo Upp
Hdp = Udp Tlile+Upp njanfml+—2 njmonjm/0+—2 njmanjm/’_a,
(ij) Jj,m Jj,m#Em’ o Jj,m#Em’,o
(2)

where i numerates chromium sites, j numerates oxygen sites, (ij) denotes nearest neighbours,
n; = Do Nime» and Ny, = ¢ Cimo- We treat these interactions within the static mean field
approximation, assuming approximately equal occupations of oxygen p-orbitals, characterized
by total occupation (ng) per oxygen atom,

H(Iiv;)F — [UdeO (ncr> + ﬁpp (no>:| Z nj + UdeCr<no> Z n;, (3)
j i

where ﬁpp =U,,/(2n,)+ (U;p —Jpp/2)(1—1/np), n, = 3 is the number of p-orbitals, zc, = 6,
20 = 3 are the coordination (nearest neighbour) numbers of chromium and oxygen sites, (nc,)
is the respective chromium occupation of Cr per atom. Following Ref. [38], we substract the
double counting contribution, which is equal to the oxygen and chromium energy shifts in Eq.
(3) with the DFT occupations (ng)o and (ng)o. The resulting energy shifts of the chromium
and oxygen states are given by

AEc, = Udpor [<n0> - (n0>0] = _UdeCr [(nCr) - (nCr>0] /r’ 4
AEo = Ugpzo [(ney) — (needol + Upp [(no0) — (n0)o] = (Uapzo — Upp /1) [{ner) — (nerdols
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where r = 2 is the ratio of oxygen and chromium sites in the formula unit, and we have
taken into account that the total number of electrons (n¢,) + r(ng) = (nee)o + r{ng)o is con-
served. Finally, absorbing the shift AE ¢, at the chromium sites into the chemical potential
p = p+ Ugpzer [(ner) — (ner)o] /1, we find the energy shift of oxygen p-states

AE/o = (ZO +ZCr/r)f]dp [(nCr> - <nCr>O] (5)

where ﬁdp = Ugp — lNJpp/ (rzo + 2c.). In DMFT calculation we account for this energy shift
as (taken with the opposite sign) double counting correction of the oxygen p-states. The
parameter lNJdp controls the energy shift of oxygen states. For calculations we consider the
parameters U,, = 1.5eV, J,, = 0.5eV, Uy, = 0.65€V, U;p = Upp—2Jpp, which yield Udp ~ 0.6eV.
Since the screening of d-d interaction by p states is beyond the Hartree-Fock approximation,
we use the same parameters of the local interaction within d-shell, as for the 5-orbital model.

2.4 Exchange interactions

To determine the exchange interactions we consider the effective Heisenberg model with the
. . / / . . .

Hamiltonian H = —(1/2) Zqﬂ, J (;r SaSr_q, Sa is the Fourier transform of static operators S;,,

where the orbital-summed on-site static spin operators S;. = >, S;.,, and

1
— +
Sirm - 5 E Cirmo‘ vaoa’cirmo’v (6)

oo’y

is the electron spin operator, v are the Matsubara frequencies, c;;mg , and ¢;.mq are the fre-
quency components of the electron creation and destruction operators at the site (i,r), d-
orbital m, and spin projection o, and o, are the Pauli matrices.

We relate exchange parameters J to the orbital-summed non-local static longitudinal sus-

ceptibility ;(gr/ = —((Sz’rlSi’:))w:o =D )?(’]”r’m/r/ (the hats stand for matrices with respect
to orbital and site indexes; ((..|..)),, is the retarded Green’s function), by (see Refs. [32,39,40])
Jq= 2o i — x;l, the matrix inverse is taken with respect to the site indexes in the unit cell. The

matrix of local susceptibilities Xl:)rcl = —((S?IS? ) w0011’ = D flggnl’rérr/ is diagonal with
respect to the site indexes. The non-local susceptibility is determined from the Bethe-Salpeter
equation using the local particle-hole irreducible vertices [41], accounting also the corrections
for the finite frequency box (cf. Refs. [32,42]). The local irreducible vertices are extracted
from the inverse Bethe-Salpeter equation applied to the local particle-hole vertex obtained
within the DMFT [41].

The DMFT calculations of the self-energies, non-uniform susceptibilities and exchange in-
teractions were performed using the continous time Quantum Monte Carlo method of the

solution of impurity problem [43], realized in the iQIST software [44], see also Refs. [32,39].

3 Results

In Fig. 2(a) we show the partial densities of states for 8 = 10 eV !, compared to those in DFT
approach. The occupation of Cr sites is fixed to 2 electrons per site in 3- and 5-orbital models,
corresponding to fixed valence of Cr sites. The respective hybridized low energy oxygen and
chromium states, forming Wannier functions, are considered as interacting ones. At the same
time, in 11-orbital model the occupation is determined by the total filling of 28 electrons
per unit cell, and constitutes 3.75 per Cr site (see fillings of the d orbitals in Table 1 and
density-density correlators in Appendix B). The increase of the filling originates from strong
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” ” n(lxy) | n(lxz—yz) | n(lxz+yz) ” n(ZSZz—rZ) | Tl(lxz_yz) ” ng ”

3-orb 0.49 0.34 0.17 0 0]z
5-orb 0.47 0.36 0.14 0.02 0.01 [ 2
11-orb 0.52 0.45 0.39 0.27 0.26 | 3.75
11-0tb + Ugp,p || 0-48 0.40 0.25 0.16 0.15 || 2.87

Table 1: Fillings n(l) of d-orbitals [, per one spin projection and the total filling of
d-states ny in DFT+DMFT approach. The notation of the orbitals refer to the local
coordinate frame; the fillings are estimated at 3 = 10 eV ™!, but only weakly depend
on temperature.

hybridization of chromium and oxygen states, as discussed earlier in DFT approaches [9, 16—
19,24].

In Figs. 2(b,c) we show the frequency depndence of the electronic self-energies. In agree-
ment with previous considerations, the two of the three t,, states [, = cos 61 d3;2_.2—sin 6, d,,,
and Iy, y, = (dy, —dy;)/ V2 (the indexes of [; refer to the local reference frame according to
Refs. [18,19,29]) appear to have larger damping, and, respectively, more localized. On the
other hand, the t,, state [,,,,, = d,2_ 2, as well as e, states have smaller damping, and ap-
pear to be more itinerant. Closer proximity of the t,, states [, and l,,_,, to half filling in
the 11-orbital model provides enhancement of correlations (cf. Ref. [45]), in particular non-
quasiparticle form of the self-energy of these states with dIm>(iv)/d v = dReX(v)/d v > 0 at
small frequencies, which yields larger local magnetic moments (see below).

To treat properly hybridization of d and p states, we additionally consider the 11-orbital
model, including repulsion U, between oxygen p states, as well as non-local interaction Uy,
between chromium d and oxygen p states within the static mean-field approximation, together
with DMFT for the chromium d states (see Sect. 2.3). The respective fillings (see Table 1) in
the presence of these additional interactions become closer to the 5-orbital model; the filling of
chromium d states constitutes in this case 2.87 electrons. The results for the spectral function
and self-energy of the 11-orbital model with included interactions U,, and Uy, are shown in
Fig. 3. One can see that the shift of p-states leads to suppression of d — p hybridization, such
that both, the spectral functions and self-energy become close to those in 5-orbital model.

One can also see that, in agreement with the earlier studies [23], in all considered models
the peak of the density of states, which is present in DFT approach at the Fermi level, is pushed
to the energy vpe,x ~ —0.5 eV in DFT+DMFT approach. We have verified that the [, state
in the considered 5- and 11-orbital models provides largest contribution to the peak of the
density of states close to the Fermi energy, which shift can be therefore identified with the large
quasiparticle damping of the corresponding states. This shift is therefore similar to the earlier
discussed in two-dimensional systems gap formation in the vicinity of the antiferromagnetic
state [46] and the Fermi surface quasi-splitting near the ferromagnetic instability [47, 48],
although in the present case large damping occurs due to electronic, rather than magnetic
correlations, which implies (similarly to the antiferromagnetic state) that it does not depend
on the momentum (being almost local in real space).

The temperature dependence of the inverse uniform yq_o = x (}io + xéi o and local

Hioe = —((55 157 mo = 3 21 )
mm’
susceptibilities in the 3- and 5-orbital models, as well as 11-orbital models, is almost linear, as

shown in Fig. 4, which points to the existence of well formed local magnetic moments. The
Curie temperatures, obtained from vanishing of inverse uniform susceptibility are presented
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in Table 2. Due to the mean-field nature the dynamical men-field theory approach is known to
overestimate Curie temperature. Therefore, obtained Curie temperatures can be considered
as an upper bound and corrected below with account of the non-local correlations.

From the slope of inverse local and uniform magnetic susceptibilities we extract the local
magnetic moments “120c and u? according to

Yrow = 3(gus)*(T + Ty)/ud., (8)
Yoo = 3(gup)*(T —Tc)/u? 9)

where g = 2 (see Table 2). In terms of the effective spin, defined by g*Seg(Sesr + 1) = ui ,
this corresponds to S = 1.2 for three- and five-orbital models and S ¢ = 1.27 for the 11-
orbital models. We note that the magnetic moments, especially extracted from local magnetic
susceptibility, are somewhat overestimated in the considered density-density approximation,
which neglects transverse components of Hund exchange, see Refs. [36,49]. From the uni-
form susceptibility we obtain somewhat smaller magnetic moments, which are in a reasonable
agreement with the experimental data (u?/ “12; = 8.3 £0.3, Refs. [8,10]). The Weiss tem-
perature Ty, of the inverse local magnetic susceptibility appears to be quite small, showing
smallness of the Kondo temperature [50,51].

” ” (10c/ Up)? | (u/ug)? | TgMFT | Téluct ”

3-orb 10.6 8.0 897 -
5-orb 10.4 7.8 1350 | 540
11-orb 11.7 8.9 1700 | 850
11-orb + Uy, 11.4 8.7 1470 | 820
Experimental 8.3+£0.3 390

Table 2: Magnetic moments and Curie temperatures in DFT+DMFT approach. The
notation of the orbitals refer to the local coordinate frame.

Using the approach of Refs. [32,39,40] we obtain the exchange interactions J gr/. We note
that having smaller bandwidth, and fully filled oxygen p states well below the Fermi level,
the 5-orbital model describes magnetic exchange mechanism similar to the double exchange
type. At the same time, uncorerrelated oxygen states in 11-orbital model mediate magnetic
exchange of RKKY type. The Fourier transformation of the obtained exchange interactions at
B =10 eV! is presented in Table 3. The obtained exchange interactions are comparable to
those obtained in the ferromagnetic state in Refs. [29,31], with the exchange interactions be-
tween the nearest neighbour sites larger in the presence of the oxygen states, than in the 3- and
5-orbital models, due to larger hybridization of chromium states. With including Uy, and U,

Nosb J | L | I [ J [ Js [ Js | 05 |05 |95 | Js
3 114 01 | 06 [01|—05]-21]-56|—-2.0]-2.0—-2.0
5 148 178 0.6 |02 —05|—1.7 =52 [-12[-19|-11
11 255181 | 1.8 [ 0.6 | —1.1|—2.0 [ =50 —2.0 | —2.0 | -14
11-0tb+U,,,, | 8.8 | 18.0 | 0.1 [ 0.1 | —0.4 | 0.6 | —2.9 [ —0.7 | 0.7 | -1.1

Table 3: Exchange interactions (in meV) between various chromium sites at
B =10 eV! for the 3- and 5 orbital models per chromium site, as well as 11-orbital
models, including oxygen states. 11dp stands for the model with Uy, U, interac-
tions. The notation of the exchange interactions is the same as in Refs. [29,31].
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20 interactions, the nearest neighbour exchange is suppressed in 11-orbital model; the antifer-
221 romagnetic exchanges at longer distances are however also suppressed, reducing frustration
22 effects.

223 Using the obtained exchange interactions in the temperature range T 2 T, we obtain
224 magnon dispersion as the q-dependent eigenvalues of the matrix of the spin-wave Hamiltonian
225 (cf. Refs. [39,40]), assuming that the exchange interactions do not change strongly with
26 lowering the temperature. The resulting magnon dispersions are shown in Fig. 5. One can
227 see that the magnon dispersion of the 3-orbital model possesses negative branches, showing an
2g instability of ferromagnetism, similarly to previous study in the ferromagnetic phase [29]. At
229 the same time, the magnon dispersions of the 5-orbital model are positive definite, providing
230 the stability of the ferromagnetic state. Therefore, inclusion of the e, states seems to be crucial
231 for the stability of ferromagnetism. The maximal energy of the obtained magnon dispersion
232 in the 5-orbital model is larger than that in the “method b" of Ref. [31], corresponding to
233 the infinitesimal rotation of exchange-correlation potential, but comparable to that obtained
234 in the “method m" of Ref. [31] (considering infinitesimal rotation of magnetization). The
235 dispersion in the model including oxygen states without additional Uy, and U, interactions is
236 somewhat larger than in the 5-orbital model due to larger exchange interactions, but becomes
237 comparable to that for the 5-orbital model with account of Uy, ,,, interactions.

238 The temperature dependencies of the obtained spin-wave stiffnesses in the 5-orbital model
230 in various directions are shown in Fig. 6. One can see that the average spin-wave stiffness, ex-
240 trapolated to the low-temperature limit, D,, ~ 110 meV-A? is in a reasonable agreement with
221 the experimental data D = 60 to 150 meV-A2, Refs. [52-54]. At the same time, the 11-orbital
242 models yield larger value of the spin-wave stiffness, D,,, = 200 meV-A? (not shown). Although
223 the interactions Uy, ,,, yield the suppression of exchange interactions and the spin wave stiff-
244 mess D, in 11-orbital model, spin wave stiffness D, ,, is increased by these interactions due to
245 suppression of antiferromagnetic exchange interactions J; g (the suppressed ferromagnetic in-
246 teraction J; acts along the z axis and therefore contributes to D, only). This may show, that for
247 accurate description of the low-energy magnon dispersion in 11-orbital model the treatment
248 of the non-local interaction beyond simplest static mean field approximation is required.

249 Finally, to estimate the non-local corrections to the Curie temperature beyond DMFT, we
250 use the RPA approach [55], see also Ref. [39]. Assuming that the sites of the unit cell are
251 equivalent, we find

2
T. = ¢ , (10)

-1
3(gnuB)Z Z [Aérr’ _chr ]11
q

252 where A=Y ,J, 0 "', The obtained results taking the obtained exchange interactions at 3 = 10 eV ™!
253 are presented in Table 2. With account of the non-local corrections, the Curie temperature is
252 suppressed with respect to the DMFT Curie temperature, and for the 5-orbital model only
255 moderately overestimates experimental data. For the 11-orbital models the Curie temperature
256  is stronger overestimated; for the model including Uy, ,, interactions the suppression of Curie
257 temperature with respect to DMFT appears not too strong because of weakened frustration
258 effects in this model.

259 The success of the 5-orbital model in description of the magnetic properties of CrO, relies
260 on the fact that this model is better suited to describe double exchange interaction, having also
261 lower band width, comparable to Hund exchange interaction. Describing the double exchange
262 interaction within 11-orbital model requires accurate (possibly, non-perturbative) treatment
263 of the non-local Coulomb interactions.



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

296

297

298

299

300

301

302

303

304

SciPost Physics Submission

4 Conclusion

In summary, we have evaluated non-uniform susceptibilities, Curie temperatures, and ex-
change interactions in 3-, 5-, and 11-orbital (per Cr site) models within DFT+DMFT approach.
The most reasonable results are obtained within the low-energy 5-orbital model, representing
double exchange interaction. This model yields positive magnon dispersions and reasonable
Curie temperature, although the latter is still overestimated with respect to the experimental
data. The overestimate of the Curie temperature is likely connected with the assumed density-
density form of the Coulomb interaction (cf. Ref. [36]), presence of magnetic frustrations, etc.
We show also that the considered approach allows for a correct description of the experimental
data for the spin-wave stiffness.

At the same time, the 11-orbital model, including oxygen states, yields strong hybridiza-
tion of these states with chromium states at the energies well below the Fermi level, which
results in the filling of d-orbitals of Cr closer to half filling, and therefore stronger correlations.
Remarkably, we find RKKY mechanism of magnetic exchange, represented by 11-orbital model
with local Coulomb interaction, inapplicable even in paramagnetic phase of CrO,. We argue
that considering non-local interaction between chromium and oxygen sites (together with U,
interaction) within static mean field approximation increases occupation of oxygen p states
and substantially improves the results for the 11-orbital model. At the same time, it yields
larger spin-wave stiffness, than that for 5-orbital model and experimental data. Likely, treat-
ment of non-local interactions beyond static mean-field approximation, e.g. within cluster
methods or non-local extensions of dynamical mean-field theory [41,42,56-58], will further
improve the results of this model.

The possibility of describing reasonably well magnetic properties of CrO, from the para-
magnetic phase implies presence of the correspondence between the magnetic properties in
ferro- and paramagnetic phases. Mathematically, this correspondence occurs due to compen-
sation of the self-energy and vertex corrections to the spin susceptibility, which was discussed
earlier in the ferro- [59] and paramagnetic [32] phases. The performed study also implies
formation of local magnetic moments in CrO, due to Hund exchange interaction, and their
double exchange-like interaction even in paramagnetic phase.

Further experimental and theoretical studies of the form of magnon dispersion, and its
evolution from the low- to the high-temperature limit are of certain interest. Also describing
the effect of the non-local chromium-oxygen interaction, as well as the consideration of mag-
netic properties of CrO, with full SU(2) symmetric Coulomb interaction has to be performed
in future.
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A Wannier orbitals in 5- and 11-orbital models

In Figs. 7 and 8 we visualize [60] Wannier orbitals in 5- and 11-orbital models (before per-
forming basis rotation which diagonalises crystal field). One can see that in the 5-orbital
model Wannier functions contain substantial admixture of the oxygen states, originating from
the bands the vicinity of the Fermi level, while in 11-orbital model Wannier functions are
more localized at chromium and oxygen sites. As it is discussed in the main text in the latter
model however the hybridization occurs via the hopping parameters, which in particular yield
additional contribution to the density of d states at the energies well below the Fermi level

(v ~—4¢eV).

B Density correlations in DFT+DMFT approach

In Tables 4, 5, and 6 we present the density-density correlation function (n,,;n,,,) in 5- and
11-orbital models in DET+DMFT approach at 3 = 10 eV_!. In the 5-orbital model the density
correlation matrix has only few off-diagonal elements, the major one is between l,.,, and [,,_,
orbitals in the local coordinate frame, which have largest quasiparticle damping (see Fig. 2
of the main text). The 11-orbital model with local interaction possesses stronger off-diagonal
correlations, which reflects stronger mixing of various orbiatl states in this model. On the
other hand, in 11-orbital model with Uy, and U,, interactions the correlations become more
diagonal, and resemble the results for the 5-orbital model.

Mip [ Mop | M3t |Map | Msp [ My [Py [ M3 | Mg | M5y

nyp | 0.47 1 0.01 | 0.00 | 0.33 | 0.11 | 0.00 | 0.01 | 0.00 | 0.01 | 0.01

nyy | 0.01 | 0.02 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00

nsy | 0.00 | 0.00 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

ngs | 0.33 | 0.01 | 0.00 | 0.36 | 0.07 | 0.01 | 0.00 | 0.00 | 0.00 | 0.01

nsy | 0.11 | 0.00 | 0.00 | 0.07 | 0.14 | 0.01 | 0.00 | 0.00 | 0.01 | 0.00

nyy | 0.00 | 0.01 | 0.00 | 0.01 | 0.01 | 0.47 | 0.01 | 0.00 | 0.33 | 0.11

ny; | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.02 | 0.00 | 0.01 | 0.00

ns; | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.00

ng, | 0.01 | 0.00 | 0.00 | 0.00 | 0.01 | 0.33 | 0.01 | 0.00 | 0.36 | 0.07

ns; | 0.01 | 0.00 | 0.00 | 0.01 | 0.00 | 0.11 | 0.00 | 0.00 | 0.07 | 0.14

Table 4: Density correlators (n,,;Nn, ) in the 5-orbital model in DFT+DMFT ap-
proach at 8 = 10 eV~!. The diagonal elements correspond to the respective fillings.
The notation of the orbiatls: 1: I, 2: I3;2 12, 31 Lia_y2, 4t Ly s, 51 Lipyyy
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Figure 2: The DFT (dashed lines) and DFT+DMFT (solid lines) partial densities of
states at the real frequencies (a) and the imaginary part of the self-energy at the imag-
inary frequency axis for states of different symmetry in five-orbital (solid lines), three-
orbital (dashed lines) (b) and 11-orbital (c) model at f = 10 eV~! in the DFT+DMFT
approach with on-site Coulomb repulsion.
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Figure 3: Spectral functions (a) and electronic self-energies (b) in the 11-orbital
model with account of Uy, and non-local Uy, interactions
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Figure 4: Temperature dependence of the inverse longitudinal uniform (a) and local
(b) susceptibilities of CrO, within the DFT+DMFT approach. Solid blue lines corre-
spond to the five-orbital model per Cr site, dot-dashed green lines correspond to the
three-orbital model, red dot-dot-dashed (dot-dot-dot-dashed) lines to the 11 orbital
model per Cr site, including oxygen states without (with) additional Uy, and U,,

interactions.
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Figure 5: Magnon dispersion at 8 = 7 eV™* (solid lines) and 8 = 10 eV! (dashed
lines) (a) in the models with three (green lines with symbols) and five orbitals (blue
lines) per Cr site and (b) in the models with 11 orbitals per Cr site which includes
oxygen states, with (dark yellow lines) or without (red lines with symbols) additional
Ug4p and U, interactions.
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Figure 6: Temperature dependencies of the obtained spin-wave stiffnesses in the x, y
(red circles) and z (green squares) directions, together with the average spin-wave
stiffness D, = (DfxDzz)l/ 3 (black stars) in the five-orbital model. Dashed lines show
the result of extrapolation. The inset shows momentum dependencies of magnon
energies at 3 = 10 eV ! in the respective directions in logarithmic scale, dashed line
corresponds to quadratic fit.

Figure 7: Visualization of Wannier orbitals in 5-orbital model (per Cr site), including
only d states. Blue circles in the center (partly hidden by Wannier orbitals) corre-
spond to chromium atom, red lines and circles show the bonds and oxygen atoms.
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Figure 8: Visulaization of Wannier orbitals in 11-orbital model (per Cr site) at

chromium (a-e) and one of the oxygen (f-h) sites. The notations are the same as
in Fig. 7.
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