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Abstract

Magnetic properties of CrO2 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 t2g 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 CrO2.
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1 Introduction1

Half metals represent an important class of magnetic materials, see, e.g., the review [1]. Hav-2

ing gapped minority spin band at the Fermi level in the ferromagnetic state, these systems3

can possess large magnetic moment, which finds its industrial applications. The properties4

of these systems are expected to be somewhat different from the strong magnets with both,5

minority and majority states present at the Fermi level. In the latter case large magnetic mo-6

ment originates from the electron localization induced by Hund exchange [2–4] and exchange7

interaction is of RKKY type [5–7].8

The prominent example of half metals with large magnetic moment is CrO2, which has9

Curie temperature TC ≃ 390 K and saturation magnetic moment µs ≃ 2µB per formula unit10

[8, 9]. The magnetic susceptibility shows the Curie-Weiss law with the square of magnetic11

moment µ2
CW = (8.3 ± 0.3)µ2

B determined from the slope of inverse susceptibility [8, 10],12

which also corresponds to the effective spin Seff ≃ 1, in agreement with the above mentioned13

saturation magnetic moment. These features can be considered as an indication of strong14

magnetism with well formed local magnetic moments.15

Near the Curie temperature, when the Stoner splitting is small, strong magnetic half metals16

are expected to reveal closer similarity to the other strong magnets. The important question17

is therefore whether magnetic properties of these systems originate from the presence of local18

magnetic moments, and whether they strongly change between the low-temperature limit and19
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in the proximity of Curie temperature. The related problem is whether the effects of interaction20

in such strong half metal magnets are more important than pecularities of band structure yield-21

ing half metallicity. Several experimental observations (photoemission, soft-x-ray absorption22

and resistivity) show importance of correlation effects in CrO2 [11–14]. Moderate correlation23

effects were also observed in the angle-resolved photoemission (ARPES) experiments [15].24

The conclusions of the latter study are also supported by bulk-sensitive photoemission data,25

reported in Ref. [15], unveiling the occupied band structure of CrO2 in the magnetic phase.26

On the theoretical side, the density functional theory (DFT) calculations of CrO2 [9,16–18]27

revealed splitting of the d states into the low lying t2g states, which cross the Fermi level, and28

hybridyzed with the oxygen states, and the eg states, pushed above the Fermi level. In turn,29

the t2g states are split into the lower x y state and yz ± xz excited states (the notation of30

the states refer to the local coordinate frame). The dispersion of the x y states is almost flat,31

which promotes the interaction effects. In particular, the localization of the x y states by the32

interaction effects was suggested in Ref. [19]. The importance of correlation effects was also33

emphasized in the subsequent L(S)DA+DMFT studies [15,20–23].34

In accordance with the localization of the x y t2g states and more itinerant nature of the35

yz+xz states the double exchange nature of magnetic exchange was proposed in Refs. [19,24].36

Yet, recent experimental studies did not find mixed valence of chromium atoms [25, 26], in37

contrast to the previous results [27]. The exchange interactions in CrO2 were studied using38

the DFT [28,29], Hartree-Fock [29–31], and the combination of DFT with the dynamical mean39

field theory (DFT+DMFT) approach [29], which produce diverse values of exchange interac-40

tions. Application of the DFT+DMFT approach to the effective 3-orbital model, containing t2g41

states only, produced negative branches of the magnon dispersion, pointing to the instability of42

ferromagnetism in that model [29]. The authors of Ref. [29] suggested inclusion of the oxygen43

states to stabilize the ferromagnetism. Therefore, despite long history of studying CrO2, there44

is no common view on the mechanism of magnetic exchange and the magnitude of exchange45

interactions in this material.46

Recently, the DFT+DMFT approach to treat the exchange interactions in the paramagnetic47

state was proposed [32]. This approach provides a possibility to study exchange interactions48

without imposing certain magnetic order, which allows one to obtain an unbiased information49

about these interactions. For strong half metals, like CrO2 this may also help to emphasize the50

effect of correlations, especially near Curie temperature, where the corresponding magnetic51

splitting of the states is small.52

In the present paper we revisit the problem of magnetism of CrO2 within the DFT+DMFT53

approach. We show that in agreement with the earlier considerations the x y t2g states appear54

to be more localized. We furthermore apply the recently proposed technique of calculation55

of exchange interactions in paramagnetic phase within the DFT+DMFT approach [32]. Using56

the obtained exchange interactions, we also obtain magnon dispersions and show that they57

are qualitatively and semi-quantitatively similar to those obtained in the ferromagnetic state.58

Remarkably, the magnon dispersion in the 5-orbital model (per chromium site) is positively59

definite, providing stability of ferromagnetism due to the eg states.60

Therefore, on the basis of these results, we show that magnetic properties of half metals can61

be well described starting from the paramagnetic phase, showing the correspondence of the62

properties of the symmetric and symmetry broken phases of these systems. Among considered63

models, we find that the low enenrgy 5-orbital model (per Cr site), is quantitatively sufficient64

to describe ferromagnetism of CrO2. We argue that 11-orbital model (per Cr site) requires65

considering effects of the non-local Coulomb interaction.66

2



SciPost Physics Submission

2 Methods67

2.1 DFT68

The CrO2 has P42/mnm space group (point symmetry group D4h). The DFT calculations were69

performed using the pseudo-potential method implemented in the Quantum Espresso [33]70

package supplemented by the maximally localized Wannier projection onto 3d states of Cr per-71

formed within Wannier90 package [34], which produces the resulting tight-binding 5-orbital72

model (here and in the following we specify the number of the orbitals per Cr site, the ac-73

tual number of orbitals in the respective models is doubled because of the two sites in the74

unit cell). For comparison, we also considered the tight-binding Hamiltonian, which includes75

the p oxygen states, resulting in the 11-orbital model per Cr site. We use the lattice parame-76

ters a = 4.422Å, c = 2.916Å [29, 35]. The reciprocal space integration was performed using77

16× 16× 16 k-point grid.78

The resulting band structure and the density of states are shown in Fig. 1. The eg (t2g)79

states can be constructed in the 5-orbital model by choosing the symmetric (antisymmetric)80

combination of dx y and d3z2−r2 states, as well as dxz and dyz states in the global reference frame81

(we perform the transformation dyz → −dyz and dx y → −dx y on one of the two chromium82

sites); the third t2g state is identified with the dx2−y2 state in the global reference frame,83

see Ref. [29]. We choose the rotation angles between the above mentioned states to diag-84

onalize the crystal field; the obtained angle θ1 of mixing of dx y and d3z2−r2 states is close85

to π/6 and for another pair of states it is equal to π/4. We note that Wannier functions of86

the d states in the 5-orbital model contain also an admixture of the oxygen states near the87

Fermi level (see Appendix A), while in 11 orbital model the hybridization is accounted via88

the hopping parameters. To construct the model with 3 orbitals per Cr site, corresponding89

to considering only t2g states, we project out the resulting eg states in the 5-orbital model90

as Heff = Ht2g
+ Ht2g ,eg

[µDFT − Heg
]−1Heg ,t2g

, where µDFT is the DFT chemical potential and91

Hi and Hi j (i, j = eg , t2g) are the respective diagonal and off-diagonal blocks of the tight-92

binding Hamiltonian. We have verified, that the resulting Hamiltonian reproduces correctly93

the dispersion of the t2g states close to the Fermi level, see Fig. 1.94

2.2 DMFT95

In DMFT calculations we consider the density-density interaction matrix, see the details in96

Ref. [32]. For the 5-orbital and 11-orbital models we have parameterized the interaction at97

the Cr sites by Slater parameters F0 = 1.99 eV, F2 = 7.67 eV, and F4 = 5.48 eV, as obtained98

in Ref. [31]. For the 3-orbital model we use the Kanamori parameterization with the interac-99

tions UK = 2.84 eV and JK = 0.70 eV, obtained in Refs. [29, 31]. The corresponding Slater100

parameters (see, e.g., Supplementary Material of Ref. [36]) US = 1.91 eV, JS = 1.17 eV. The101

parameter US is smaller than the corresponding parameter US = F0 of the 5-orbital model102

due to screening of the interaction. For 11-orbital model we use a double-counting correction103

HDC = MDC
∑

ir nird in the around mean-field form [37],104

MDC = 〈nird〉[US(2norb−1)− JS(norb−1)]/(2norb), (1)

where nird is the operator of the number of d electrons at the site (i, r), i is the unit cell105

index and r is the site index within the unit cell, norb is the number of considered orbitals per106

site, JS = (F2 + F4)/14. We have verified that the fully localized form of the double counting107

produces quite close results.108
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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 t2g states model
(3 orbitals per Cr site, see text). Right plot shows the respective density of states.

2.3 Treatment of the d-p inetraction109

Apart from the standard Coulomb repulsion in the chromium d-shell, parameterized by Slatter110

parameters, we consider also a model including the d-p chromium-oxygen interaction Udp, as111

well as the repulsion between oxygen p-states, parameterized by Kanamori parameters Upp,112

U ′pp, and Jpp, with the Hamiltonian113

Hdp = Udp

∑

〈i j〉

nin j+Upp

∑

j,m

n jm↑n jm↓+
U ′pp − Jpp

2

∑

j,m ̸=m′,σ

n jmσn jm′σ+
U ′pp

2

∑

j,m ̸=m′,σ

n jmσn jm′,−σ,

(2)
where i numerates chromium sites, j numerates oxygen sites, 〈i j〉 denotes nearest neighbours,114

ni =
∑

mσ nimσ, and nimσ = c+imσcimσ. We treat these interactions within the static mean field115

approximation, assuming approximately equal occupations of oxygen p-orbitals, characterized116

by total occupation 〈nO〉 per oxygen atom,117

HMF
dp =
�

UdpzO〈nCr〉+ eUpp〈nO〉
�

∑

j

n j + UdpzCr〈nO〉
∑

i

ni , (3)

where eUpp = Upp/(2np)+(U ′pp− Jpp/2)(1−1/np), np = 3 is the number of p-orbitals, zCr = 6,118

zO = 3 are the coordination (nearest neighbour) numbers of chromium and oxygen sites, 〈nCr〉119

is the respective chromium occupation of Cr per atom. Following Ref. [38], we substract the120

double counting contribution, which is equal to the oxygen and chromium energy shifts in Eq.121

(3) with the DFT occupations 〈nCr〉0 and 〈nO〉0. The resulting energy shifts of the chromium122

and oxygen states are given by123

∆ECr = UdpzCr [〈nO〉 − 〈nO〉0] = −UdpzCr [〈nCr〉 − 〈nCr〉0]/r, (4)

∆EO = UdpzO [〈nCr〉 − 〈nCr〉0] + eUpp [〈nO〉 − 〈nO〉0] =
�

UdpzO − eUpp/r
�

[〈nCr〉 − 〈nCr〉0] ,
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where r = 2 is the ratio of oxygen and chromium sites in the formula unit, and we have124

taken into account that the total number of electrons 〈nCr〉+ r〈nO〉 = 〈nCr〉0 + r〈nO〉0 is con-125

served. Finally, absorbing the shift ∆E,Cr at the chromium sites into the chemical potential126

µ→ µ+ UdpzCr [〈nCr〉 − 〈nCr〉0]/r, we find the energy shift of oxygen p-states127

∆E′O = (zO + zCr/r)eUdp [〈nCr〉 − 〈nCr〉0] (5)

where eUdp = Udp − eUpp/(rzO + zCr). In DMFT calculation we account for this energy shift128

as (taken with the opposite sign) double counting correction of the oxygen p-states. The129

parameter eUdp controls the energy shift of oxygen states. For calculations we consider the130

parameters Upp = 1.5eV, Jpp = 0.5eV, Udp = 0.65eV, U ′pp = Upp−2Jpp, which yield eUdp ≃ 0.6eV.131

Since the screening of d-d interaction by p states is beyond the Hartree-Fock approximation,132

we use the same parameters of the local interaction within d-shell, as for the 5-orbital model.133

2.4 Exchange interactions134

To determine the exchange interactions we consider the effective Heisenberg model with the135

Hamiltonian H = −(1/2)
∑

q,r r ′ J
r r ′
q Sr

qSr ′
−q, Sr

q is the Fourier transform of static operators Sir ,136

where the orbital-summed on-site static spin operators Sir =
∑

m Sirm and137

Sirm =
1
2

∑

σσ′ν

c+irmσνσσσ′ cirmσ′ν (6)

is the electron spin operator, ν are the Matsubara frequencies, c+irmσν and cirmσν are the fre-138

quency components of the electron creation and destruction operators at the site (i, r), d-139

orbital m, and spin projection σ, and σσσ′ are the Pauli matrices.140

We relate exchange parameters Jq to the orbital-summed non-local static longitudinal sus-141

ceptibility χ r r ′
q = −〈〈Sz,r

q |S
z,r ′
−q 〉〉ω=0 =
∑

mm′ χ̂
mr,m′r ′
q (the hats stand for matrices with respect142

to orbital and site indexes; 〈〈..|..〉〉ω is the retarded Green’s function), by (see Refs. [32,39,40])143

Jq = χ−1
loc −χ

−1
q , the matrix inverse is taken with respect to the site indexes in the unit cell. The144

matrix of local susceptibilities χ r r ′
loc = −〈〈S

z
ir |S

z
ir〉〉ω=0δr r ′ =
∑

mm′ χ̂
mm′,r
loc δr r ′ is diagonal with145

respect to the site indexes. The non-local susceptibility is determined from the Bethe-Salpeter146

equation using the local particle-hole irreducible vertices [41], accounting also the corrections147

for the finite frequency box (cf. Refs. [32, 42]). The local irreducible vertices are extracted148

from the inverse Bethe-Salpeter equation applied to the local particle-hole vertex obtained149

within the DMFT [41].150

The DMFT calculations of the self-energies, non-uniform susceptibilities and exchange in-151

teractions were performed using the continous time Quantum Monte Carlo method of the152

solution of impurity problem [43], realized in the iQIST software [44], see also Refs. [32,39].153

3 Results154

In Fig. 2(a) we show the partial densities of states for β = 10 eV−1, compared to those in DFT155

approach. The occupation of Cr sites is fixed to 2 electrons per site in 3- and 5-orbital models,156

corresponding to fixed valence of Cr sites. The respective hybridized low energy oxygen and157

chromium states, forming Wannier functions, are considered as interacting ones. At the same158

time, in 11-orbital model the occupation is determined by the total filling of 28 electrons159

per unit cell, and constitutes 3.75 per Cr site (see fillings of the d orbitals in Table 1 and160

density-density correlators in Appendix B). The increase of the filling originates from strong161
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n(lx y) n(lxz−yz) n(lxz+yz) n(l3z2−r2) n(lx2−y2) nd

3-orb 0.49 0.34 0.17 0 0 2
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-orb + Udp,pp 0.48 0.40 0.25 0.16 0.15 2.87

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

hybridization of chromium and oxygen states, as discussed earlier in DFT approaches [9, 16–162

19,24].163

In Figs. 2(b,c) we show the frequency depndence of the electronic self-energies. In agree-164

ment with previous considerations, the two of the three t2g states lx y = cosθ1d3z2−r2−sinθ1dx y165

and lxz−yz = (dxz − dyz)/
p

2 (the indexes of li refer to the local reference frame according to166

Refs. [18, 19, 29]) appear to have larger damping, and, respectively, more localized. On the167

other hand, the t2g state lxz+yz = dx2−y2 , as well as eg states have smaller damping, and ap-168

pear to be more itinerant. Closer proximity of the t2g states lx y and lxz−yz to half filling in169

the 11-orbital model provides enhancement of correlations (cf. Ref. [45]), in particular non-170

quasiparticle form of the self-energy of these states with ∂ ImΣ(iν)/∂ ν= ∂ ReΣ(ν)/∂ ν > 0 at171

small frequencies, which yields larger local magnetic moments (see below).172

To treat properly hybridization of d and p states, we additionally consider the 11-orbital173

model, including repulsion Upp between oxygen p states, as well as non-local interaction Udp174

between chromium d and oxygen p states within the static mean-field approximation, together175

with DMFT for the chromium d states (see Sect. 2.3). The respective fillings (see Table 1) in176

the presence of these additional interactions become closer to the 5-orbital model; the filling of177

chromium d states constitutes in this case 2.87 electrons. The results for the spectral function178

and self-energy of the 11-orbital model with included interactions Upp and Udp are shown in179

Fig. 3. One can see that the shift of p-states leads to suppression of d − p hybridization, such180

that both, the spectral functions and self-energy become close to those in 5-orbital model.181

One can also see that, in agreement with the earlier studies [23], in all considered models182

the peak of the density of states, which is present in DFT approach at the Fermi level, is pushed183

to the energy νpeak ∼ −0.5 eV in DFT+DMFT approach. We have verified that the lx y state184

in the considered 5- and 11-orbital models provides largest contribution to the peak of the185

density of states close to the Fermi energy, which shift can be therefore identified with the large186

quasiparticle damping of the corresponding states. This shift is therefore similar to the earlier187

discussed in two-dimensional systems gap formation in the vicinity of the antiferromagnetic188

state [46] and the Fermi surface quasi-splitting near the ferromagnetic instability [47, 48],189

although in the present case large damping occurs due to electronic, rather than magnetic190

correlations, which implies (similarly to the antiferromagnetic state) that it does not depend191

on the momentum (being almost local in real space).192

The temperature dependence of the inverse uniform χq=0 = χ11
q=0 +χ

12
q=0 and local193

χloc = −〈〈Sz
ir |S

z
ir〉〉ω=0 =
∑

mm′
χ̂

mm′,r
loc (7)

susceptibilities in the 3- and 5-orbital models, as well as 11-orbital models, is almost linear, as194

shown in Fig. 4, which points to the existence of well formed local magnetic moments. The195

Curie temperatures, obtained from vanishing of inverse uniform susceptibility are presented196

6
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in Table 2. Due to the mean-field nature the dynamical men-field theory approach is known to197

overestimate Curie temperature. Therefore, obtained Curie temperatures can be considered198

as an upper bound and corrected below with account of the non-local correlations.199

From the slope of inverse local and uniform magnetic susceptibilities we extract the local200

magnetic moments µ2
loc and µ2 according to201

χ−1
loc = 3(gµB)

2(T + TW )/µ
2
loc, (8)

χ−1
q=0 = 3(gµB)

2(T − TC)/µ
2 (9)

where g = 2 (see Table 2). In terms of the effective spin, defined by g2Seff(Seff + 1) = µ2
loc,202

this corresponds to Seff = 1.2 for three- and five-orbital models and Seff = 1.27 for the 11-203

orbital models. We note that the magnetic moments, especially extracted from local magnetic204

susceptibility, are somewhat overestimated in the considered density-density approximation,205

which neglects transverse components of Hund exchange, see Refs. [36, 49]. From the uni-206

form susceptibility we obtain somewhat smaller magnetic moments, which are in a reasonable207

agreement with the experimental data (µ2/µ2
B = 8.3 ± 0.3, Refs. [8, 10]). The Weiss tem-208

perature TW of the inverse local magnetic susceptibility appears to be quite small, showing209

smallness of the Kondo temperature [50,51].210

(µloc/µB)2 (µ/µB)2 TDMFT
C Tfluct

C

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 + Udp,pp 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 r r ′
q . We note211

that having smaller bandwidth, and fully filled oxygen p states well below the Fermi level,212

the 5-orbital model describes magnetic exchange mechanism similar to the double exchange213

type. At the same time, uncorerrelated oxygen states in 11-orbital model mediate magnetic214

exchange of RKKY type. The Fourier transformation of the obtained exchange interactions at215

β = 10 eV−1 is presented in Table 3. The obtained exchange interactions are comparable to216

those obtained in the ferromagnetic state in Refs. [29,31], with the exchange interactions be-217

tween the nearest neighbour sites larger in the presence of the oxygen states, than in the 3- and218

5-orbital models, due to larger hybridization of chromium states. With including Udp and Upp219

Norb J1 J2 J3 J4 J5 J6 J>7 J<7 J>8 J<8
3 11.4 0.1 0.6 0.1 −0.5 −2.1 −5.6 −2.0 −2.0 −2.0
5 14.8 17.8 0.6 0.2 −0.5 −1.7 −5.2 −1.2 −1.9 −1.1
11 25.5 18.1 1.8 0.6 −1.1 −2.0 −5.0 −2.0 −2.0 −1.4

11-orb+Udp,pp 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
β = 10 eV−1 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 Udp, Upp interac-
tions. The notation of the exchange interactions is the same as in Refs. [29,31].
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interactions, the nearest neighbour exchange is suppressed in 11-orbital model; the antifer-220

romagnetic exchanges at longer distances are however also suppressed, reducing frustration221

effects.222

Using the obtained exchange interactions in the temperature range T ≳ TC , we obtain223

magnon dispersion as the q-dependent eigenvalues of the matrix of the spin-wave Hamiltonian224

(cf. Refs. [39, 40]), assuming that the exchange interactions do not change strongly with225

lowering the temperature. The resulting magnon dispersions are shown in Fig. 5. One can226

see that the magnon dispersion of the 3-orbital model possesses negative branches, showing an227

instability of ferromagnetism, similarly to previous study in the ferromagnetic phase [29]. At228

the same time, the magnon dispersions of the 5-orbital model are positive definite, providing229

the stability of the ferromagnetic state. Therefore, inclusion of the eg states seems to be crucial230

for the stability of ferromagnetism. The maximal energy of the obtained magnon dispersion231

in the 5-orbital model is larger than that in the “method b̂" of Ref. [31], corresponding to232

the infinitesimal rotation of exchange-correlation potential, but comparable to that obtained233

in the “method m̂" of Ref. [31] (considering infinitesimal rotation of magnetization). The234

dispersion in the model including oxygen states without additional Udp and Upp interactions is235

somewhat larger than in the 5-orbital model due to larger exchange interactions, but becomes236

comparable to that for the 5-orbital model with account of Udp,pp interactions.237

The temperature dependencies of the obtained spin-wave stiffnesses in the 5-orbital model238

in various directions are shown in Fig. 6. One can see that the average spin-wave stiffness, ex-239

trapolated to the low-temperature limit, Dav ≃ 110 meV·Å2 is in a reasonable agreement with240

the experimental data D = 60 to 150 meV·Å2, Refs. [52–54]. At the same time, the 11-orbital241

models yield larger value of the spin-wave stiffness, Dav ≳ 200 meV·Å2 (not shown). Although242

the interactions Udp,pp yield the suppression of exchange interactions and the spin wave stiff-243

ness Dz in 11-orbital model, spin wave stiffness Dx y is increased by these interactions due to244

suppression of antiferromagnetic exchange interactions J7,8 (the suppressed ferromagnetic in-245

teraction J1 acts along the z axis and therefore contributes to Dz only). This may show, that for246

accurate description of the low-energy magnon dispersion in 11-orbital model the treatment247

of the non-local interaction beyond simplest static mean field approximation is required.248

Finally, to estimate the non-local corrections to the Curie temperature beyond DMFT, we249

use the RPA approach [55], see also Ref. [39]. Assuming that the sites of the unit cell are250

equivalent, we find251

TC =
µ2

3(gµB)2
∑

q

�

λδr r ′ − J r r ′
q

�−1

11

, (10)

whereλ=
∑

r ′ J
r r ′
0 . The obtained results taking the obtained exchange interactions at β = 10 eV−1

252

are presented in Table 2. With account of the non-local corrections, the Curie temperature is253

suppressed with respect to the DMFT Curie temperature, and for the 5-orbital model only254

moderately overestimates experimental data. For the 11-orbital models the Curie temperature255

is stronger overestimated; for the model including Udp,pp interactions the suppression of Curie256

temperature with respect to DMFT appears not too strong because of weakened frustration257

effects in this model.258

The success of the 5-orbital model in description of the magnetic properties of CrO2 relies259

on the fact that this model is better suited to describe double exchange interaction, having also260

lower band width, comparable to Hund exchange interaction. Describing the double exchange261

interaction within 11-orbital model requires accurate (possibly, non-perturbative) treatment262

of the non-local Coulomb interactions.263

8



SciPost Physics Submission

4 Conclusion264

In summary, we have evaluated non-uniform susceptibilities, Curie temperatures, and ex-265

change interactions in 3-, 5-, and 11-orbital (per Cr site) models within DFT+DMFT approach.266

The most reasonable results are obtained within the low-energy 5-orbital model, representing267

double exchange interaction. This model yields positive magnon dispersions and reasonable268

Curie temperature, although the latter is still overestimated with respect to the experimental269

data. The overestimate of the Curie temperature is likely connected with the assumed density-270

density form of the Coulomb interaction (cf. Ref. [36]), presence of magnetic frustrations, etc.271

We show also that the considered approach allows for a correct description of the experimental272

data for the spin-wave stiffness.273

At the same time, the 11-orbital model, including oxygen states, yields strong hybridiza-274

tion of these states with chromium states at the energies well below the Fermi level, which275

results in the filling of d-orbitals of Cr closer to half filling, and therefore stronger correlations.276

Remarkably, we find RKKY mechanism of magnetic exchange, represented by 11-orbital model277

with local Coulomb interaction, inapplicable even in paramagnetic phase of CrO2. We argue278

that considering non-local interaction between chromium and oxygen sites (together with Upp279

interaction) within static mean field approximation increases occupation of oxygen p states280

and substantially improves the results for the 11-orbital model. At the same time, it yields281

larger spin-wave stiffness, than that for 5-orbital model and experimental data. Likely, treat-282

ment of non-local interactions beyond static mean-field approximation, e.g. within cluster283

methods or non-local extensions of dynamical mean-field theory [41, 42, 56–58], will further284

improve the results of this model.285

The possibility of describing reasonably well magnetic properties of CrO2 from the para-286

magnetic phase implies presence of the correspondence between the magnetic properties in287

ferro- and paramagnetic phases. Mathematically, this correspondence occurs due to compen-288

sation of the self-energy and vertex corrections to the spin susceptibility, which was discussed289

earlier in the ferro- [59] and paramagnetic [32] phases. The performed study also implies290

formation of local magnetic moments in CrO2 due to Hund exchange interaction, and their291

double exchange-like interaction even in paramagnetic phase.292

Further experimental and theoretical studies of the form of magnon dispersion, and its293

evolution from the low- to the high-temperature limit are of certain interest. Also describing294

the effect of the non-local chromium-oxygen interaction, as well as the consideration of mag-295

netic properties of CrO2 with full SU(2) symmetric Coulomb interaction has to be performed296

in future.297

Acknowledgements298

The author appreciates stimulating discussions with I. V. Solovyev at the early stage of the299

work. The calculations were performed on the cluster of the Laboratory of Material Computer300

Design of MIPT and the Uran supercomputer at the IMM UB RAS.301

The DMFT calculations are supported by the project of Russian Science Foundation 24-12-302

00186. The DFT calculations are performed within the theme “Quant" 122021000038-7. of303

the Ministry of Science and Higher Education of the Russian Federation.304

9



SciPost Physics Submission

A Wannier orbitals in 5- and 11-orbital models305

In Figs. 7 and 8 we visualize [60] Wannier orbitals in 5- and 11-orbital models (before per-306

forming basis rotation which diagonalises crystal field). One can see that in the 5-orbital307

model Wannier functions contain substantial admixture of the oxygen states, originating from308

the bands the vicinity of the Fermi level, while in 11-orbital model Wannier functions are309

more localized at chromium and oxygen sites. As it is discussed in the main text in the latter310

model however the hybridization occurs via the hopping parameters, which in particular yield311

additional contribution to the density of d states at the energies well below the Fermi level312

(ν∼ −4 eV).313

B Density correlations in DFT+DMFT approach314

In Tables 4, 5, and 6 we present the density-density correlation function 〈nmσnm′σ′〉 in 5- and315

11-orbital models in DFT+DMFT approach at β = 10 eV−1. In the 5-orbital model the density316

correlation matrix has only few off-diagonal elements, the major one is between lx y and lxz−yz317

orbitals in the local coordinate frame, which have largest quasiparticle damping (see Fig. 2318

of the main text). The 11-orbital model with local interaction possesses stronger off-diagonal319

correlations, which reflects stronger mixing of various orbiatl states in this model. On the320

other hand, in 11-orbital model with Udp and Upp interactions the correlations become more321

diagonal, and resemble the results for the 5-orbital model.322

n1↑ n2↑ n3↑ n4↑ n5↑ n1↓ n2↓ n3↓ n4↓ n5↓
n1↑ 0.47 0.01 0.00 0.33 0.11 0.00 0.01 0.00 0.01 0.01
n2↑ 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
n3↑ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n4↑ 0.33 0.01 0.00 0.36 0.07 0.01 0.00 0.00 0.00 0.01
n5↑ 0.11 0.00 0.00 0.07 0.14 0.01 0.00 0.00 0.01 0.00
n1↓ 0.00 0.01 0.00 0.01 0.01 0.47 0.01 0.00 0.33 0.11
n2↓ 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.00
n3↓ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
n4↓ 0.01 0.00 0.00 0.00 0.01 0.33 0.01 0.00 0.36 0.07
n5↓ 0.01 0.00 0.00 0.01 0.00 0.11 0.00 0.00 0.07 0.14

Table 4: Density correlators 〈nmσnm′σ′〉 in the 5-orbital model in DFT+DMFT ap-
proach at β = 10 eV−1. The diagonal elements correspond to the respective fillings.
The notation of the orbiatls: 1: lx y , 2: l3z2−r2 , 3: lx2−y2 , 4: lxz−yz , 5: lxz+yz
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[37] M. T. Czyżyk and G. A. Sawatzky, Local-density functional and on-site correlations: The431

electronic structure of La2CuO4 and LaCuO3, Phys. Rev. B 49, 14211 (1994), doi: https:432

//doi.org/10.1103/PhysRevB.49.14211.433

[38] P. Hansmann, N. Parragh, A. Toschi, G. Sangiovanni, and K Held, Importance of d–p434

Coulomb interaction for high TC cuprates and other oxides, New J. Phys. 16, 033009435

(2014), doi: http://dx.doi.org/10.1088/1367-2630/16/3/033009.436

[39] A. A. Katanin, DFT+DMFT study of exchange interactions in cobalt and their implications437

for the competition of hcp and fcc phases, Phys. Rev. B 108, 235170 (2023), doi: https:438

//doi.org/10.1103/PhysRevB.108.235170.439

[40] E. M. Agapov, I. A. Kruglov, A. A. Katanin, MXene Fe2C as a promising candidate for440

the 2D XY ferromagnet, 2D Mater. 11, 025001 (2024), doi: https://doi.org/10.1088/441

2053-1583/ad10bc.442

[41] G. Rohringer, H. Hafermann, A. Toschi, A. A. Katanin, A. E. Antipov, M. I. Katsnelson, A. I.443

Lichtenstein, A. N. Rubtsov, K. Held, Diagrammatic routes to nonlocal correlations beyond444

dynamical mean field theory, Rev. Mod. Phys. 90, 025003 (2018), doi: https://doi.org/445

10.1103/RevModPhys.90.025003.446

[42] A. A. Katanin, Generalized dynamical mean-field theory of two-sublattice systems with long-447

range interactions and its application to study charge and spin correlations in graphene,448

Phys. Rev. B 104, 245142 (2021), doi: https://doi.org/10.1103/PhysRevB.104.245142;449

Charge and spin correlations in insulating and incoherent metal states of twisted bilayer450

graphene, Phys. Rev. B 106, 115147 (2022), doi: https://doi.org/10.1103/PhysRevB.451

106.115147.452

[43] A. N. Rubtsov, V. V. Savkin, and A. I. Lichtenstein, Continuous-time quantum Monte Carlo453

method for fermions, Phys. Rev. B 72, 035122 (2005), doi: https://doi.org/10.1103/454

PhysRevB.72.035122; P. Werner, A. Comanac, L. de Medici, M. Troyer, and A. J. Millis,455

Continuous-Time Solver for Quantum Impurity Models, Phys. Rev. Lett. 97, 076405 (2006),456

doi: https://doi.org/10.1103/PhysRevLett.97.076405.457

[44] Li Huang, Y. Wang, Zi Yang Meng, L. Du, P. Werner, and Xi Dai, iQIST: An open source458

continuous-time quantum Monte Carlo impurity solver toolkit, Comp. Phys. Comm. 195,459

140 (2015), doi: http://dx.doi.org/10.1016/j.cpc.2015.04.020; Li Huang, iQIST v0.7:460

An open source continuous-time quantum Monte Carlo impurity solver toolkit, Comp. Phys.461

Comm. 221, 423 (2017), doi: http://dx.doi.org/10.1016/j.cpc.2017.08.026.462

[45] N. Parragh, G. Sangiovanni, P. Hansmann, S. Hummel, K. Held, and A. Toschi, Effective463

crystal field and Fermi surface topology: A comparison of d- and dp-orbital models, Phys.464

Rev. B 88, 195116 (2013), doi: https://doi.org/10.1103/PhysRevB.88.195116.465

[46] J. Schmalian, D. Pines, and B. Stojkovic, Weak Pseudogap Behavior in the Underdoped466

Cuprate Superconductors, Phys. Rev. Lett. 80, 3839 (1998), doi: https://doi.org/10.1103/467

PhysRevLett.80.3839; Microscopic theory of weak pseudogap behavior in the underdoped468

cuprate superconductors: General theory and quasiparticle properties, Phys. Rev. B 60, 667469

(1999), doi: https://doi.org/10.1103/PhysRevB.60.667.470

14

https://doi.org/10.1038/ncomms16062
https://doi.org/10.1038/ncomms16062
https://doi.org/10.1038/ncomms16062
https://doi.org/10.1103/PhysRevB.49.14211
https://doi.org/10.1103/PhysRevB.49.14211
https://doi.org/10.1103/PhysRevB.49.14211
http://dx.doi.org/10.1088/1367-2630/16/3/033009
https://doi.org/10.1103/PhysRevB.108.235170
https://doi.org/10.1103/PhysRevB.108.235170
https://doi.org/10.1103/PhysRevB.108.235170
https://doi.org/10.1088/2053-1583/ad10bc
https://doi.org/10.1088/2053-1583/ad10bc
https://doi.org/10.1088/2053-1583/ad10bc
https://doi.org/10.1103/RevModPhys.90.025003
https://doi.org/10.1103/RevModPhys.90.025003
https://doi.org/10.1103/RevModPhys.90.025003
https://doi.org/10.1103/PhysRevB.104.245142
https://doi.org/10.1103/PhysRevB.106.115147
https://doi.org/10.1103/PhysRevB.106.115147
https://doi.org/10.1103/PhysRevB.106.115147
https://doi.org/10.1103/PhysRevB.72.035122
https://doi.org/10.1103/PhysRevB.72.035122
https://doi.org/10.1103/PhysRevB.72.035122
https://doi.org/10.1103/PhysRevLett.97.076405
http://dx.doi.org/10.1016/j.cpc.2015.04.020
http://dx.doi.org/10.1016/j.cpc.2017.08.026
https://doi.org/10.1103/PhysRevB.88.195116
https://doi.org/10.1103/PhysRevLett.80.3839
https://doi.org/10.1103/PhysRevLett.80.3839
https://doi.org/10.1103/PhysRevLett.80.3839
https://doi.org/10.1103/PhysRevB.60.667


SciPost Physics Submission

[47] A. A. Katanin, A. P. Kampf, and V. Yu. Irkhin, Anomalous self-energy and Fermi sur-471

face quasisplitting in the vicinity of a ferromagnetic instability, Phys. Rev. B 71, 085105472

(2005), doi: https://doi.org/10.1103/PhysRevB.71.085105; A. A. Katanin, Electronic473

self-energy and triplet pairing fluctuations in the vicinity of a ferromagnetic instability in474

two-dimensional systems: Quasistatic approach, Phys. Rev. B 72, 035111 (2005), doi:475

https://doi.org/10.1103/PhysRevB.72.035111; A. A. Katanin and V. Yu. Irkhin, Spectral476

functions of two-dimensional systems with coupling of electrons to collective or localized477

spin degrees of freedom, Phys. Rev. B 77, 115129 (2008), doi: https://doi.org/10.1103/478

PhysRevB.77.115129.479

[48] Y. Nomura, S. Sakai, and R. Arita, Fermi surface expansion above critical temperature in a480

Hund ferromagnet, Phys. Rev. Lett. 128, 206401 (2022), doi: https://doi.org/10.1103/481

PhysRevLett.128.206401.482

[49] S. Sakai, R. Arita, K. Held, and H. Aoki, Quantum Monte Carlo study for multiorbital483

systems with preserved spin and orbital rotational symmetries, Phys. Rev. B 74, 155102484

(2006), doi: https://doi.org/10.1103/PhysRevB.74.155102.485

[50] K. Wilson, The renormalization group: Critical phenomena and the Kondo problem, Rev.486

Mod. Phys. 47, 773 (1975), doi: https://doi.org/10.1103/RevModPhys.47.773.487

[51] A. A. Katanin, Extracting Kondo temperature of strongly-correlated systems from the inverse488

local magnetic susceptibility, Nat. Commun. 12, 1433 (2021), doi: https://doi.org/10.489

1038/s41467-021-21641-2.490

[52] A. Barry, J. M. D. Coey, L. Ranno, and K. Ounadjela, Evidence for a gap in the excitation491

spectrum of CrO2, J. Appl. Phys. 83, 7166 (1998), doi: http://dx.doi.org/10.1063/1.492

367791.493

[53] X. W. Li, A. Gupta, and G. Xiao, Influence of strain on the magnetic properties of epitaxial494

(100) chromium dioxide (CrO2) films, Appl. Phys. Lett. 75, 713 (1999), doi: http://dx.495

doi.org/10.1063/1.124491.496

[54] P. Lubitz, M. Rubinstein, M. S. Osofsky, B. E. Nadgorny, R. J. Soulen, K. M. Bussmann,497

and A. Gupta, Ferromagnetic resonance observation of exchange and relaxation effects in498

CrO2, Journ. Appl. Phys. 89, 6695 (2001), doi: http://dx.doi.org/10.1063/1.1362636.499

[55] J. Rusz, I. Turek, and M. Diviš, Random-phase approximation for critical temperatures of500

collinear magnets with multiple sublattices: GdX compounds (X=Mg,Rh,Ni,Pd) Phys. Rev. B501

71, 174408 (2005), doi: https://doi.org/10.1103/PhysRevB.71.174408.502

[56] A. Toschi, G. Rohringer, A. A. Katanin, and K. Held, Ab initio calculations with the dynam-503

ical vertex approximation, Annalen der Physik, 523, 698 (2011), doi: https://doi.org/10.504

1002/andp.201100036.505

[57] E. A. Stepanov, E. G. C. P. van Loon, A. A. Katanin, A. I. Lichtenstein, M. I. Katsnelson, and506

A. N. Rubtsov, Self-consistent dual boson approach to single-particle and collective excitations507

in correlated systems, Phys. Rev. B 93, 045107 (2016), doi: https://doi.org/10.1103/508

PhysRevB.93.045107.509

[58] M. Vandelli, J. Kaufmann, M. El-Nabulsi, V. Harkov, A. I. Lichtenstein, and E. A. Stepanov,510

Multi-band D-TRILEX approach to materials with strong electronic correlations, SciPost511

Phys. 13, 036 (2022), doi: https://doi.org/10.21468/SciPostPhys.13.2.036.512

15

https://doi.org/10.1103/PhysRevB.71.085105
https://doi.org/10.1103/PhysRevB.72.035111
https://doi.org/10.1103/PhysRevB.77.115129
https://doi.org/10.1103/PhysRevB.77.115129
https://doi.org/10.1103/PhysRevB.77.115129
https://doi.org/10.1103/PhysRevLett.128.206401
https://doi.org/10.1103/PhysRevLett.128.206401
https://doi.org/10.1103/PhysRevLett.128.206401
https://doi.org/10.1103/PhysRevB.74.155102
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1038/s41467-021-21641-2
https://doi.org/10.1038/s41467-021-21641-2
https://doi.org/10.1038/s41467-021-21641-2
http://dx.doi.org/10.1063/1.367791
http://dx.doi.org/10.1063/1.367791
http://dx.doi.org/10.1063/1.367791
http://dx.doi.org/10.1063/1.124491
http://dx.doi.org/10.1063/1.124491
http://dx.doi.org/10.1063/1.124491
http://dx.doi.org/10.1063/1.1362636
https://doi.org/10.1103/PhysRevB.71.174408
https://doi.org/10.1002/andp.201100036
https://doi.org/10.1002/andp.201100036
https://doi.org/10.1002/andp.201100036
https://doi.org/10.1103/PhysRevB.93.045107
https://doi.org/10.1103/PhysRevB.93.045107
https://doi.org/10.1103/PhysRevB.93.045107
https://doi.org/10.21468/SciPostPhys.13.2.036


SciPost Physics Submission

[59] J. A. Hertz and D. M. Edwards, Electron-magnon interactions in itinerant ferromagnetism.513

I. Formal theory, J. Phys. F 3, 2174 (1973), doi: https://doi.org/10.1088/0305-4608/3/514

12/018.515

[60] K. Momma and F. Izumi, VESTA 3 for three-dimensional visualization of crystal, volumetric516

and morphology data, J. Appl. Crystallogr. 44, 1272 (2011), doi: https://doi.org/10.517

1107/S0021889811038970.518

16

https://doi.org/10.1088/0305-4608/3/12/018
https://doi.org/10.1088/0305-4608/3/12/018
https://doi.org/10.1088/0305-4608/3/12/018
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970


SciPost Physics Submission

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 β = 10 eV−1 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 Upp and non-local Udp interactions

Figure 4: Temperature dependence of the inverse longitudinal uniform (a) and local
(b) susceptibilities of CrO2 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 Udp and Upp
interactions.
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Figure 5: Magnon dispersion at β = 7 eV−1 (solid lines) and β = 10 eV−1 (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
Udp and Upp 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 Dav = (D2

x x Dzz)1/3 (black stars) in the five-orbital model. Dashed lines show
the result of extrapolation. The inset shows momentum dependencies of magnon
energies at β = 10 eV−1 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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