
This item is the archived peer-reviewed author-version of:

Boron structure evolution in magnetic Cr₂O₃ thin films

Reference:
Sun Congli, Street Michael, Zhang Chenyu, Van Tendeloo Gustaaf, Zhao Wenyu, Zhang Qingjie.- Boron structure evolution in magnetic Cr₂O₃ thin films

Materials Today Physics - ISSN 2542-5293 - 27(2022), 100753 

Full text (Publisher's DOI): https://doi.org/10.1016/J.MTPHYS.2022.100753 

To cite this reference: https://hdl.handle.net/10067/1896600151162165141

Institutional repository IRUA



Boron Structure Evolution in Magnetic Cr2O3 Thin Films  

Congli Sun
1,2

, Michael Street
3
, Chenyu Zhang

4
, Gustaaf Van Tendeloo

5
, Wenyu Zhao

1,6
*, 

Qingjie Zhang
1 

1
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, International 

School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China 
2
NRC (Nanostructure Research Centre), Wuhan University of Technology, Wuhan 430070, PR China 
3
Department of Physics and Astronomy, Nebraska Center for Materials and Nanoscience, University of 

Nebraska, Lincoln, Nebraska 68588, USA 
4
School of Applied Engineering Physics, Cornell University, Ithaca, NY, 14850, USA 
5
EMAT (Electron Microscopy for Materials Science), University of Antwerp, Belgium 
6
Foshan Xianhu Laboratory of the Advanced Energy Science and Technology Guangdong Laboratory, 

Xianhu, 528000, China 
 

*Corresponding authors: Wenyu Zhao (email: wyzhao@whut.edu.cn) 

 

Abstract	

B substituting O in antiferromagnetic Cr2O3 is known to increase the Néel temperature, whereas 

the actual B dopant site and the corresponding functionality remains unclear due to the 

complicated local structure. Herein, A combination of electron energy loss spectroscopy and 

first-principles calculations were used to unveil B local structures in B doped Cr2O3 thin films. B 

was found to form either magnetic active BCr4 tetrahedra or various inactive BO3 triangles in the 

Cr2O3 lattice, with σ∗ and π∗ bonds exhibiting unique spectral features. Identification of BO3 

triangles was achieved by changing the electron momentum transfer to manipulate the 

differential cross section for the 1s-π∗ and 1s-σ∗ transitions. Modeling the experimental spectra 

as a linear combination of simulated B K edges reproduces the experimental π∗ / σ∗ ratios for 15 

to 42 % of the B occupying the active BCr4 structure. This result is further supported by first-

principles based thermodynamic calculations. 
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With increasing demand on the emergent functionality and growing properties brought by 

doping, precise manipulating of dopant to occupy specific lattice site is attracting great focus 

across various research fields. For example, selective enriching of N dopant on the substitutional 

site leads to a significant increase of the photoelectrochemical activity[1–3]. Rare earth dopants 

on the substitutional site of 2D transition metal chalcogenides can greatly modulate the optical 

properties[4–7]. Substituting the host cation in the metal oxides always greatly promotes the 

surface plasmon[8–11]. Doping on the interstitial sites in semiconductors was reported to 

substantially modify the electronic and band structures for energy applications[12,13]. With the 

advanced control of the site-selective doping, unveiling the dopant locations and bonding 

characteristics is getting increasingly important but also remains as one of the biggest challenges 

among many analytical techniques[14–20]. 

Magnetoelectric Cr2O3 is the archetypical material for voltage-controlled boundary 

magnetism. Cr2O3 is antiferromagnetic in bulk, but ferromagnetic on the (0001) surface. 

Switching of the boundary ferromagnetism by magnetoelectric switching of the bulk 

antiferromagnetic order parameter has been demonstrated[21,22]. Bulk Cr2O3 has a Néel 

temperature of about 307 K, which is too low for microelectronic applications. Increasing 

magnetic ordering temperature of Cr2O3 attracts great interest recently, which is generally 

achieved by manipulating exchange interaction between neighboring Cr
3+

 ion. One of the 

prominent methods is through the strain engineering with antiferromagnetic exchange adjusted 

by the increasing orbital overlapping[23–27]. The strain approach normally requires epitaxial 

growth of Cr2O3 thin films through the lattice mismatch, which is unfavorable for devices and 

also challenging for the current dielectric deficiency widely observed in epitaxial Cr2O3 thin 



films[28]. On the other hand, Density functional theory (DFT) calculations predicted that B 

substituting O to form BCr4 tetrahedra would increase the exchange energy of neighboring Cr 

and the Néel temperature[29], which has been confirmed in B-doped Cr2O3 thin films[30]. 

However, the actual B dopant sites and the corresponding magnetic functionality are still unclear. 

In this work, a combination of orientation dependent electron energy loss spectroscopy 

(EELS) and DFT calculations was used to investigate the B-doped Cr2O3 film. We found that 

some B substitutes for O to form BCr4 tetrahedra, but more of it substitutes for Cr or occupies 

interstitial sites to create BO3 triangles. BO3 triangles are identified by manipulating the direction 

of the electron momentum transfer in the EELS experiment, which in turn changes the 

differential cross sections for 1s-π∗ and 1s-σ∗ transitions in B K edges. The functional BCr4 

tetrahedra are identified by distinct K edge features and quantified by modeling the experimental 

spectra as a linear combination of simulated B K edges. We estimate that 15% - 42% of B 

occupies magnetically active BCr4 sites. Details of the film growth, magnetometry measurement, 

scanning transmission electron microscopy (STEM) sample preparation, DFT calculations, and 

EELS simulations using FEFF[31] can be found in the supplemental information. 

Fig. 1a is a low-angle annular dark field (LAADF) STEM image of the B doped 

Cr2O3/Al2O3 film along the [1120] zone axis. Similar c-axis planar boundaries as we reported in 

undoped Cr2O3/Al2O3 films[28] still exists, which can be better viewed along the [0001] 

direction in Fig. 1b. The planar boundary is stabilized by a low interface energy and is not 

altered by the B doping. Fig. 1c is a high-angle annular dark field (HAADF) STEM image, 

showing the sharp epitaxial interface and high crystal quality of the Cr2O3 film, which also 

indicates that B doping does not degrade the bulk structure of Cr2O3. The HAADF signal scales 

as 𝑍! with 𝑎 ranging from 1.6-1.9, so this image is dominated by high-Z cation sites (Cr in the 



film and Al in the substrate). Both O and B atoms are invisible. 

To get B dopant signals, EEL spectrum image (SI) was taken with the electron beam 

along [1120] and collection angles at 52-114 mrad. The pixel dwell time was 800 ms, which 

achieves acceptable signal-to-noise ratio for the B K edge even at low B concentration. No 

visible electron damage was observed after SI measurements, and EEL SI measurements were 

conducted on boundary-free areas. A 7×75 pixel SI was acquired covering the whole 80 nm thick 

Cr2O3 film, with the B K edge intensity mapping superimposed that indicates the presence of B 

inside the whole thickness of the Cr2O3 film. The spectrum in Fig. 2 is the B K edge integrated 

from the Cr2O3 film in the SI, with plural scattering removed by Fourier-ratio deconvolution 

method[32] and background subtracted by the standard power-law model. The averaged B 

doping level from quantification of the EEL spectra is about 1.2 × 10
21

 cm
-3 
(~2 % B referred to 

the number of O atoms), which agrees with the typical B doping levels. The electron dose is 

~5×10
6
 e/Å

2
. To avoid beam damages on the host Cr2O3 lattice, we do not perform long EELS 

acquisition to achieve higher signal to noise ratio. On the other hand, the following linear fitting 

shows that the EELS simulation error is the major limit to the fitting confidence. 

Two primary peaks at 194 eV and 203 eV are typical feature of B sp
2
 hybridization, 

corresponding to 1s-π∗  transitions and 1s-σ∗ transitions, respectively[33,34]. Similar B K edge 

feature can also be observed in sp
2
 hexagonal BN[35,36]. Due to the significant directionality of 

unoccupied 2p states of the planar sp
2
 structure, B K edges have strong orientation dependence. 

B K edge taken along [0001] (plan view geometry) is also shown in Fig. 2a. Compared to the 

[1120] spectrum, the [0001] spectrum has significantly smaller  π
∗
 / σ

∗
 intensity ratio. This is 

inconsistent with B substituting for O in BCr4 tetrahedra, with B 2p orbitals in all directions, but 

consistent with B in BO3 triangles, which have σ bonds in plane and a π bound out of plane[34]. 



Souche et al. has integrated the angular dependent EELS matrix element to obtain the differential 

cross section for 1s-π∗ transition and 1s-σ∗ transition in the B sp
2
 geometry, i.e., 2spxpy (σ) 

bonding and pz (π) bonding, and shown that the σ∗ and π
∗
 peak intensities are proportional to the 

projection of electron momentum transfer 𝒒 on their corresponding orbital orientations[35]. With 

the large EELS collection angles used in this experiment (electrons with all momentum transfer 

are well collected), the orientation dependence in Fig. 2a indicates 𝒒 has a large projection on the 

π bonds with incident electron along [1120] direction, and 𝒒 has only a small component on the 

π bonds when the beam is along [0001]. This indicates the presence of π bonds parallel to the 

[0001] axis, which is schematically illustrated in Fig. 2b. 

DFT calculation was conducted to predict B structures in Cr2O3. All the possible B 

dopant positions are considered, which in Kroger-Vink notation are 𝐵! , 𝐵!"  and 𝐵! , or B 

substituting for O, B substituting for Cr, and B at an interstitial site. For 𝐵!", the substituted Cr 

can either escape the bulk Cr2O3 lattice and migrate to the surface (creating a Cr vacancy), or 

move to nearby interstitial sites (creating a 𝐵!"-𝐶𝑟! Frenkel pair), which implies at least two 

possible 𝐵!"variants. Possible B pairs are also considered. All of these structures have formation 

energy difference within ~3 eV under possible experimental chamber oxygen partial pressures, 

calculated using the Zhang-Northrup formalism[37], following approaches used by Jacobs[38].  

This results in 7 potential B dopant structures, as illustrated in Fig. 3. The relaxed B local 

bonding can be summarized into two categories, as shown in Fig. 3a and Fig. 3b; One is the BCr4 

tetrahedra, and the other one is various BO3 triangles with some B slightly shifted out of plane 

resulting in different bonding angles. All the BO3 triangle structures are normal to the c-axis, 

which matches with the EELS analysis in Fig. 2. 



EELS is simulated from the relaxed dopants models using the multiple-scattering method 

implemented in the FEFF code[31]. The simulated B K edges of various BO3 structures have 

similar characteristics, with two primary peaks at about 194 eV (π) and 203 eV (σ) with the 

beam along [1120] and almost zero 194 eV peaks with the beam along [0001]. Fig. 3c is the 

simulated EELS for the two typical B structures. The EELS simulations match with Sauer’s 

experimental EELS results[34] on B K edges in various borates and B doped Cr-Fe oxides, in 

which “fingerprint” 193.6 eV and 204 eV B K edge features were observed in different 

compounds containing BO3. In oxides, the excited atom is surrounded by strong backscattering 

O atoms, so the EELS is dominated by scattering events within the first neighbors of the O. Thus, 

the near edge features can be explained by a molecular orbital approach. As in the experiments, 

BCr4 local bonding can be identified by its distinct π∗ / σ∗ ratios, especially for [0001] B K edges. 

In principle, if the sample contains B in several different sites, the experimental spectrum 

should be a linear combination of the simulated spectra in Fig. 2. However, attempts to extract 

the populations of B in various states by direct multiple linear least squares (MLLS) fitting of 

experimental data to simulated spectra were not satisfactory because the rigid MLLS approach is 

difficult to reproduce the  π∗ - σ∗ peak separation difference between EELS experiment and 

simulation. The background away from the primary π∗  and σ∗  features is also not well 

reproduced in the simulations. As π∗ / σ∗ ratio is strongly correlated with first nearest neighbor 

of B that represents the local chemical bonding between BCr4 tetrahedra and BO3 triangles, we 

took an alternate approach to quantify the π∗ / σ∗ ratio in experiment and simulations, then 

determined the linear combination of simulated spectra which reproduce the intensity ratio of 

these strongest features in the spectrum. The π∗ / σ∗ ratio was extracted by fitting Gaussian peaks 

to the experimental spectra (red dashed lines in Fig. 1). The ratio of the area under π∗ Gaussian 



g1 to the area under the σ∗ Gaussian g2 is 0.27 and 0.41 for the [0001] EELS and the [1120] 

EELS, respectively. Fitting the experiment required a third Gaussian at higher energy, g3, which 

is present in the EELS simulations as well. However, the 𝑔! peak is weak and difficult to 

reproduce quantitatively for the multiple scattering EELS simulation method used in this study. 

In addition, 𝑔! is also insensitive to B local structures as well as the magnetic fuctionality, since 

the exchange interaction is mainly determined by the nearest neighbors with a strong orbital 

overlapping. A similar method was used to obtain the fraction of BO3 planar rings in complex B 

glasses, with the assumption that all the BO3 structures have the same K edges despite different 

bond lengths and bond angles[33,34]. Our EELS calculation in Fig. 3c shows that all the BO3 

have almost the same peak positions, but the relative intensity ratio differs significantly as a 

function of B-O bonding angles. 

Fig. 4a shows the linear combination weights of the BCr4 and BO3 to reproduce the 

experimental π∗ / σ∗ ratios in both orientations. Spectra of BCr4 with a tilt BO3 (#2) and with a 

planar BO3 (#5) are shown in Fig. 4b and Fig. 4c, respectively. All of the possible BO3 defects 

yield acceptable matches to the experimental data, and it is difficult to distinguish them on the 

basis of the fine structure. As BCr4 increases the magnetic exchange interaction of the Cr[29], we 

focus on setting bounds on the BCr4 / total B ratio. The simulation uncertainty is estimated by 

comparing the calculated  π∗ / σ∗ ratios with the experimental π∗ / σ∗ ratios based on the well-

defined cubic BN (sp
3
) and hexagonal BN (sp

2
) structures. Both fitting and simulation 

uncertainty were incorporated into the linear combination to get the BCr4 fitting uncertainty, as 

shown in Fig. 4a.  

As electron probe is applied for EELS acquisition, channeling effect should be 

considered[39,40]. For all the BO3 triangles, B sits on O columns viewed along the [1120] 



direction and on Cr columns viewed along the [0001] direction, while for BCr4, B sits on O 

columns viewed both on the [1120] and [0001] directions. BO3 has a better electron excitation 

when electron channels down Cr columns along the [0001] zone axis. Thus, BO3 fitting weight 

obtained from [0001] zone axis should be higher than that observed from [1120] zone axis, since 

the channeling difference between the two zones of BCr4 is not significantly different. This 

means that both #3 and #5 in Fig. 4a are less likely. Due to the imperfect EELS simulation and 

fitting uncertainty that incorporated into the linear fitting weights, we are not able to make solid 

conclusion that completely rule out the possibility of #3 and #5. However, it will significantly 

narrow down the fitting weights to the overlap area of the two zone axes (green area in Fig. 4a). 

As a result, the bonds of BCr4 / total B is 15% to 42%, which means that less than half of B 

occupies the substitutional site that was predicted to be magnetic functional[29]. 

 To better understand the percentage of each B dopant as a function of experimental 

conditions, the DFT based thermodynamic model is built, starting from calculating the formation 

energies according to Zhang-Northrup formalism[37]  

                                   ΔE!"#$ =  𝐸
!

!"#,!
−  𝐸

!

!"#$
−  Δ𝑛!! µ! − Δ𝑛!µ!                             (1) 

where 𝐸
!

!"#,!
 and 𝐸

!

!"#$
 are total energies of the perfect and B doped supercells, µ!  is the 

chemical potential of atomic species i. Δ𝑛! is the number of atoms i added to create the dopant. 

Negative Δ𝑛!  represents atoms i removed. Δ𝑛!  is the number of electrons added. µ!  is the 

chemical potential of an electron, which can be defined by choosing a Fermi level 𝐸! within the 

bandgap relative to the valence-band maximum of the perfect crystal. Here, Total energies 𝐸
!

!"#,!
 

and 𝐸
!

!"#$
 is used in place of corresponding free energies, assuming that the vibrational 

contributions cancel between the perfect and defect cells, and that pressure and temperature 

dependent terms are negligible for solids.[41] 



 Chemical potential of O is calculated following the approach used by Lee[42] and takes 

the form  

       µ
!

!!
=  

!

!
 𝐸!!

!"#$
+  Δℎ!!

!
+ 𝐻 𝑇,𝑃! − 𝐻 𝑇

!,𝑃! − 𝑇𝑆 𝑇,𝑃! + 𝑘𝑇 In(
!

!!
)             (2) 

where 𝐸!!
!"#$

 is the T = 0 K total energy of an O! gas molecule. Δℎ!!
!

 is a numerical correction 

for the DFT overbinding problem. 𝐻 𝑇
!,𝑃!  and 𝐻 𝑇,𝑃!  are the gas enthalpy at standard and 

general temperatures (𝑇!  = 298.15 K and 𝑃
!

 = 1 atm). 𝑆 𝑇,𝑃!  is the gas entropy, and 

𝐻 𝑇,𝑃! − 𝐻 𝑇
!,𝑃! − 𝑇𝑆 𝑇,𝑃!  in Eq. (2) are the free energy per O of O! gas relative to the 

gas enthalpy at 𝑇! and 𝑃
!. The logarithmic term is the adjustment of the chemical potential for 

arbitrary pressure. These values are obtained experimentally and extrapolated by polynomial fits 

from Ref 36.[43] Δℎ!!
!

 is obtained from fitting experimental formation enthalpy following 

approach used by Wang.[44] The thermal decomposition of decaborane yields elemental B and 

H2 gas under temperature range of 500-1000 °C. The growth temperature is 700 °C. Therefore, 

the partial pressure of oxygen can be derived from the partial pressure of H2 and H2O through the 

reaction equilibrium 2𝐻! + 1𝑂!
 

 2𝐻!𝑂 at 700 °C. As B is solid at 700 °C, H2 partial pressure 

is approximated by the measured gas pressure, and H2O pressure is assumed to be higher than 

the chamber base pressure (10
-9

 torr). The upper bound of PO2 is obtained by full decomposition 

of B10H14. With the equilibrium of O between O! gas and Cr2O3, we can express the relevant Cr 

chemical potential as a function of Cr2O3 cohesive energy and O chemical potential 

                                               µ
!"

!"!!!
=

!

!
 (𝐸!"!!!

!"#$
− 3µ

!

!!)                                                   (3) 

 The calculated formation energy for each B dopant type as a function of Fermi level and 

charge states are plotted in Fig. 5a, with µ
!

!"!!!
 referred to solid state B. The concentration of 

each B dopant type can be expressed as  



                                                              𝐶! =  𝑁!exp (
!!!!"#$

!!!
)                                                       (4) 

where 𝑁! is the number of sites per unit volume that the dopant can occupy. Summing the 

concentration from acceptor-type dopants (negative charge) and donor-type dopants (positive 

charge) along their compensating electrons and holes gives the condition of charge neutrality: 

                                                            𝐶!! 𝑞! = 𝑒
!
− [ℎ!]                                                       (5) 

where 𝑞! is the charge state for dopant i, 𝑒!  and [ℎ!] are electron and hole concentrations 

determined by bandgap and Fermi level. Eq. (5) is solved following the approach used by 

Jacobs[38] that yields a single self-consistent value for the Fermi energy and equilibrium that 

ensures both charge neutrality and electron/hole mass action. Here, we set Eq. (5) as a function 

of B chemical potentials to match the experiment B doping level 𝐶!:   

                                                                    𝐶!! =  𝐶!                                                                 (6) 

In this way, Fermi level is determined, and the composition of each B dopant structure can be 

calculated. The result shows an equilibrium Fermi level at 1.69 eV and nearly 100% B 

occupying 𝐵!" (#5 in Fig. 3) state, which can be readily viewed by a much lower formation 

energy of 𝐵!", as it is shown in Fig. 5a. The 100% 𝐵!" does not match the EELS results. Table I 

is the calculated exchange energies of BO3 dopants (details of exchange energy calculation can 

be found in supporting materials). 𝐵!"  does not have significant effect on the bulk Cr2O3 

exchange energy of 120 meV[29]. This means that 100% 𝐵!" also contradicts the increased 

magnetic ordering temperature in the B doped Cr2O3 films (Figure S1 in supplementary 

information).  

 Here, we believe that the 𝐵!" state is trapped at one of the 𝐵!"(𝐶𝑟!) state (#3 and #4 in 

Fig. 3), which means that although the formation energy of 𝐵!" is low, the substituted Cr is 

trapped at the neighboring interstitial sites. This is also reasonable as forming 𝐵!" requires long-



range migration of Cr ion which is always kinetically restricted in solids. The same calculation is 

done without 𝐵!", with the calculated ratio of each B dopant plotted as a function of oxygen 

partial pressure (B dopant with percentage ratio larger than 0.1% is shown) in Fig. 5b. Assuming 

the complete decomposition of B10H14 background gas, the experimental oxygen partial pressure 

derived from 2𝐻! + 1𝑂!
 

 2𝐻!𝑂 equilibrium is 10
-28

 atm, which gives a BCr4 dopant / total B 

about 50% according to Fig .5b (Oxygen vacancy concentration is less than 0.01% per Cr2O3 

unit cell even at 10
-28

 atm oxygen partial pressure. Its effect on the Fermi level is negligible). The 

effective oxygen pressure can be higher with partial decomposition of B10H14 background gas. In 

addition, although the functional BCr4 dopant would be kinetically maintained after growth (we 

do not see any significant change of the B K edges for B doped Cr2O3 samples stored in air 

condition for at least 3 monthes), no BCr4 dopant would exist eventually at the standard 

equilibrium state. The dynamics of B dopant is out of scope of this study, but both of them 

makes BCr4 / total B ratio samller than 50%. 

These results may shed some light on the difficulty of integrating B-doped Cr2O3 into 

functioning magnetoelectric devices, due to the thermodynamic restriction. They may also 

suggest processing paths to make more efficient use of B: suppressing BO3 defects in favor of 

BCr4 defects should raise the Néel temperature at constant B content or enable similar Néel 

temperatures to be achieved at lower B content. As shown in Fig. 5b, further decreasing the 

growth oxygen partial pressure does not significantly increase the functional BCr4 ratio and is 

also restricted due to the intrinsic stability of Cr2O3 host lattice. Therefore, control of growth 

kinetics that traps B on the substitutional site as the metastable state is more promising. If 

thermodynamics is dominating, co-doping with Al is another potential strategy to lower the 

formation energy of and stabilize the desirable BCr4 defects.[45]  



In summary, by a combination of EELS fine structure and DFT simulations, we have 

shown that B-doped Cr2O3 contains more than half of B in BO3 triangles and 15% - 42% B in the 

BCr4 tetrahedra. BO3 does not increase the exchange coupling. However, the B occupying BCr4 

tetrahedra are sufficient to substantially increase the antiferromagnetic ordering temperature by 

more than 25%. Recognizing the existence of the BO3 defects opens pathways to engineering 

more efficient use of B to increase the Néel temperature. 
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Figures 

 
Figure 1. STEM images of the B doped Cr2O3 film. (a) LAADF STEM image showing the flat 

surface of the Cr2O3 film, as well as columnar grains. The inset is the B K edge intensity 

mapping. (b) Visualizing columnar grains along the plan view direction. (c) HAADF STEM 

image revealing the epitaxial Cr2O3/Al2O3 interface and high crystal quality of the Cr2O3 film.  
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Figure 2. Orientation dependent B K edges EELS. (a) B K edges from plan view (top) and cross 

section (bottom) zone axis. (b) Schematic illustration showing the projection of electron 

momentum transfer q to π bonds with two different sample orientations, i.e, beam along [1120] 

and [0001] direction.  
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Figure 3. All possible B dopant structures from DFT calculations and corresponding B K edge 

EELS from multiple scattering simulations. Kroger-Vink notation is used for all the defect types. 
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Figure 4. (a) BCr4 / total B (%) from linear combination of simulated BCr4 K edges with BO3 K 

edges to reproduce the experimental π / σ ratios. (b) Spectra reproduced from BCr4 (#1) and the 

distorted BO3 (#2). (c) Spectra reproduced from BCr4 (#1) and the planer BO3 (#5).	
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B nearest 

Cr ions 

#5 

Neutral 

#5 

Charge -1 

#5 

Charge -2 

#4 

Charge +3 

#4 

Charge +1 

1 133 187 169 183 255 

2 133 129 140 83 283 

3 133 143 191 101 73 

4 84 83 125 105 87 

5 84 124 120 101 94 

6 84 83 83 96 76 

7 134 133 135 96 88 

8 134 139 228 96 89 

9 134 86 168 102 105 

10 115 109 102 119 103 

	

Table 1. Exchange energies 𝐸! of B nearest Cr neighbors for two lowest energy BO3 dopant 

states. 

 

 

 

 

Figure 5. (a) Calculated formation energy as a function of Fermi level for various B dopant 

structures listed in Figure 3. The temperature is fixed at growth temperature of 700 °C with 
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complete decomposition of the B10H14 background gas. (b) Ratios of each B dopant over total B 

as a function of oxygen partial pressure. 


