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Mixing A-type and G-type B-site antiferromagnetism in AMn1-xFexO3 (A = La, Nd)2
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Using a classical Heisenberg model with anisotropic nearest-neighbor superexchange and uniaxial anisotropy,
I investigate the magnetic order of the transition metals on the B sites in AMn1-xFexO3 (A = La, Nd; x =
[0, 1]) with Monte Carlo methods. Magnetic parameters are extracted from preexisting experimental data when
available and otherwise estimated with calculations. Superexchange energies are compared to density functional
theory and anisotropy energies to ligand field theory, and the potential for doping-induced strain affecting these
parameters is considered. I find coexistence regions of different types of magnetic order (A-type and G-type
antiferromagnetism), regions with distinct magnetic transitions for the two order parameters, noncollinear ground
states for intermediate values of x that decrease the amplitude of the ordered moment in a way consistent with
experiment for low dopings, and a reproduction of the experimentally determined, nonmonotonic interpolation
of the ordering temperatures. The detailed shape of the phase boundaries in (x,T) space is found to be diagnostic
of the magnetic interactions. These results also suggest a ferrimagnetic ground state for the A2MnFeO6 double
perovskite with TN ≈ 270 K for A = La and Nd.
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I. INTRODUCTION20

The magnetic phase diagrams of doping and ordering for21

GdFeO3-type [1] orthometallates with mixed manganese and22

iron on the pseudoperovskite B site and a light rare earth on23

the A site have some features that are not well explained. The24

specific unknowns in those materials that sparked this study25

are: the dependence of the ordering temperature upon doping,26

the existence of multiple phase transitions (often dubbed spin27

reorientations) for mixings near the 50% level, the determina-28

tion of the moment direction and magnitude, the possibility of29

doping-induced stresses to modify the magnetic parameters,30

and the nature of the interaction between manganese and iron31

sites. The aspects that dictate these magnetic phenomena are32

interconnected and interrogated here with some calculations.33

This type of doping and mixing of magnetic centers is a34

common theme across many materials as a method to tune35

desirable properties and explore nature. Intermediate mixings36

may have emergent phenomenon that are not simply linear37

combinations of the end members due to interactions (and38

competition) between the pure constituents. Consider the mix-39

ing of an A-type antiferromagnet with a G-type antiferromag-40

net. A famous example of this mixing is the La1-xCaxMnO341

(LCMO) series that substitutes on the A site of the ABO3, or-42

thomanganite lattice to vary between A-type La3+Mn3+O3
2−

43

(LMO) and G-type Ca2+Mn4+O3
2− (CMO). The LCMO is an44

important series because it is a host of fundamental physics,45

as the Mn3+/Mn4+ double-exchange, and applied physics,46

as the colossal magnetoresistance (CMR); other divalent and47

trivalent A-site substitutions can produce similar results [2].48

A less studied series La3+Mn1-x
3+Fex

3+O3
2− (LMFO) is49

generated by doping on the B site, between LMO and the50

G-type antiferromagnet LaFeO3 (LFO), whereby the addi-51

tional constituent interactions are Fe3+/Mn3+ superexchange52

(JMnFe). The LMFO and the NdMn1-xFexO3 (NMFO) that is53

between NdMnO3 (NMO) and NdFeO3 (NFO) will be the 54

main topic of this investigation, and specifically, the phase 55

diagram of the B-site magnetism. So, B-site magnetic order in 56

the (x,T) space of the AMn1-xFexO3 (AMFO) series is focused 57

on here. 58

The desire to understand AMFO magnetism is bol- 59

stered by recent reports on chemically ordered films. Ex- 60

amples of double perovskite manganese-iron films include 61

La2MnFeO6 [3,4], the putative multiferroic Bi2MnFeO6 62

[5–10], and magnetic property calculations on the as-yet 63

unsynthesized Ho2MnFeO6 [11]. Without chemical order, 64

(La0.5Bi0.5)(Mn0.5Fe0.5)O3.9 films have been reported as mul- 65

tiferroic [12]. Anyway, especially for ion pairs with close 66

ionic radii, chemical order is rarely perfect in double per- 67

ovskites and understanding the solid solution phase is a 68

coupled problem. Moreover, an open question is whether 69

double-exchange physics can exist between Fe3+/Mn3+ sites 70

in LMFO [13]. 71

The magnetism of NMFO and LMFO is similar, as they 72

are light rare earths that are close on the periodic table of 73

elements. While there are various papers on LMFO, one 74

must be careful when assigning conclusions to observations 75

as a parasitic third dimension of this series is along the 76

Mn4+ direction due to oxidation during firing [14]. LMFO is 77

attractive to consider as a starting point for B-site magnetic 78

properties because the A site has a closed shell, but there is 79

more experimental data available in the low-Mn4+ regime for 80

NMFO. Indeed, the crystal structures of NMFO and LMFO 81

are similar, both orthorhombic Pnma (alternatively Pbnm) 82

[15,16], and the main difference is more distortion of the 83

oxygen bridges in NMFO owing to the smaller ionic radius 84

and larger electronegativity of Nd compared to La [17]. 85

The magnetic phase diagrams of NMFO and LMFO mo- 86

tivates this study. The interpolation of magnetic ordering 87

temperatures between the orthoferrite and orthomanganite 88
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FIG. 1. Experimental Néel temperatures of NdMn1-xFexO3 (♦,
[18], ◦ [15], � [19]) and LaMn1-xFexO3 (� [14],

�
[21], � [20]).

There is a nonmonotonic dependence of the Néel temperature TN

on the iron doping x. Lines are a scaling of end-member ordering
temperatures by the number of end-member nearest neighbors.

end members is nonmonotonic for NMFO [15,18,19] and89

LMFO (for low concentrations of Mn4+ as in LMO [20],90

LaMn0.8Fe0.2O3, and LFO [20]), Fig. 1. Overall, the depen-91

dence of onset ordering upon the iron fraction x is similar92

for NMFO and LMFO, aside from a decrease in transition93

temperatures for Nd-based compounds. A first insight into the94

minimum in the ordering temperature with doping can come95

from assuming the magnetic modes to be completely orthog-96

onal, where the magnetic order parameter in the mean-field97

approximation would only depend upon the number of nearest98

neighbors (NNs) having the same magnetic point symmetry99

[22]. Additional details of percolation and order parameter100

interaction require a nonaveraging theory and knowledge of101

JMnFe, which will be part of this work. For NdMn0.5Fe0.5O3,102

Fig. 1 shows two magnetic transitions, and the cause of103

the second transition is not quantified. Various reports on104

the detailed magnetic structures of AMFO compounds have105

been performed, but detailed models of mode amplitudes for106

the different magnetic symmetries are lacking. For example,107

neutron diffraction of NMFO observes mode contributions108

that are less than a weighted average of the end members109

[18,23,24]. Secondary to these experimental observations is110

the need to understand the magnetic superexchange JMnFe that111

is expected to exist between Mn3+ and Fe3+ in these systems,112

and to understand how incorporating ions into non-native113

lattices can affect the magnetics of those ions and of the host114

lattice.115

Following this Introduction, Sec. II presents the compu-116

tational frameworks used. Section III reviews end-member117

properties and extends the experimentally available magnetic118

parameters with calculations, while considering the potential119

effects of doping-induced strain. Section IV contains the120

Monte Carlo calculations of the phase diagram, based upon121

the parameter set results of Sec. III A discussion of the results122

that considers the doping dependence of magnetic order is in123

Sec. V, and summarizing conclusions are in Sec. IV.124

II. COMPUTATIONAL METHODS 125

A. Hamiltonian parameters 126

The fewest number of energies that might reproduce the 127

phase diagram in Fig. 1 are considered here. Antisymmet- 128

ric exchange is important for orthometallates, specifically in 129

determination of weak ferromagnetism, but is a higher-order 130

effect for the transition temperature determination than is 131

the magnetic dipolar interaction. For NMFO, the A site can 132

affect the magnetic order but at temperatures less than 10% 133

of the onset of magnetic order, and so the Nd moments are 134

not used here. Next-nearest-neighbor (NNN) superexchange 135

is necessary to explain the magnetism in heavier rare-earth 136

orthometallates with atomic numbers greater than 62 [25], 137

setting a limit to this model’s applicability. 138

The Hamiltonian considered has single-ion anisotropy and 139

NN interactions. The single-ion Hamiltonian local anisotropy 140

depends on if a site is occupied by Mn or Fe. The local 141

anisotropy direction is not along a crystallographic direction 142

but rather is dictated by the local axes. For the metal ion 143

numbering scheme in Fig. 2(a) of Pnma, the directions are 144

DM1 = (x, y, z), DM2 = (x, y, -z), DM3 = (x, -y, z), DM4 = 145

(x, -y, -z). While the Pnma is the standard setting and is used 146

here, the Pbnm setting is popular for orthometallates and both 147

have been used historically. The average anisotropy axis is 148

along a crystallographic axis due to the symmetry constraints 149

of the space group. The NN superexchange interactions may 150

be different in the basal ac plane versus the b axis, and 151

each site experiences a local superexchange field that de- 152

pends on its neighbors. Here, ferromagnetic (FM) alignment 153

is for J > 0 and antiferromagnetic (AFM) or ferrimagnetic 154

alignment is for J < 0. These superexchange energies are 155

shown pictorially in the context of the crystalline lattice in 156

Figs. 2(b)–2(e). 157

B. Density functional theory 158

Density functional theory (DFT) as applied here re- 159

quires one to choose functionals, pseudopotentials, and on- 160

site Coulomb interactions that agree with observables. For 161

LaMeO3 (where Me = Cr, Mn, Fe, Co, or Ni), experimental 162

electronic band-gap energies and magnetic moment ampli- 163

tudes could be reasonably reproduced in the local spin density 164

approximation (LSDA) with anisotropic Coulomb interac- 165

tions U and J [26]. The orthomanganites are more sensitive 166

than orthoferrites to DFT parameterization, as there is feed- 167

back between the structure and magnetic ground state via 168

the Jahn-Teller distortion, and FM and A-type AFM ground 169

states are close in energy [27]. Here, the best-fit parameters 170

from the DFT exploration of LMO are used; UMn = 8.0 eV 171

and JMn = 1.9 eV [28]. These parameters were then scaled by 172

the UFe/UMn ratios found to best fit for LSDA+U | J LMO 173

and LFO [26] to give UFe = 8.7 eV and JFe = 2.1 eV. The 174

VASP software [29,30] was used with the generalized gradient 175

approximation (GGA) functional of Perdew-Burke-Ernzerhof 176

as PBE [31]. The projector augmented wave (PAW) method 177

[32,33] was used for valence electrons with the included pseu- 178

dopotentials applied via the PBE.54 files: La (11, [Kr4d]), 179

Nd_3 (11, [Xe4]), Fe_sv (16, d7s1), Mn_sv (15, 3p4s3d), 180

and O (6, s2p4) where valence electrons, states are in 181
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FIG. 2. Crystal structures. (a) The Pnma (Pbnm) structure of AMFO has one Wyckoff position for the transition metal that is replicated
four times in the unit cell and there are two distinct oxygen positions. (b) NdFeO3 orthoferrite structure. (c) LaFeO3 orthoferrite structure. (d)
Orthomanganite structure. (e) Double perovskite structure. For the images in (b)–(e), Fe-O short bonds are thick blue lines and Mn-O long
bonds are dotted green lines.

parentheses. A �-centered mesh was generated with (5 × 4 ×182

5) k points, and plane waves were cut above a kinetic energy183

of 520 eV. Relaxed structures used experimental structures as184

the initial conditions for LMO, NMO, LFO, and NFO, and the185

average of the LMO and LFO structures for La2MnFeO6 and186

the average of the NMO and NFO structures for Nd2MnFeO6.187

Superexchange parameters can be estimated from DFT by188

considering energies of different spin configurations. Here,189

four different spin configurations are considered: (F) ferro-190

magnetism, A-type AFM, C-type AFM, and G-type AFM. See191

Figs. 3(a)–3(c) for illustration. These superexchange energies192

are193

Jij,b[GC] = EG − EC

(2 bonds × 4 atoms)SiSj

, (1)

Jij,ac[GA] = EG − EA

(4 bonds × 4 atoms)SiSj

, (2)

FIG. 3. Magnetic structures. Three different magnetic modes are
shown, including the (a) z orientation of the G-type magnetism of
LFO and NFO, (b) the x orientation of the A-type magnetism of LMO
and NMO, and (c) the y orientation of C-type magnetism. Arrow
coloration is associated with spin direction.

Jij,b[AF ] = EA − EF

(2 bonds × 4 atoms)SiSj

, (3)

Jij,ac[CF ] = EC − EF

(4 bonds × 4 atoms)SiSj
, (4)

where i = Mn or Fe and j = Mn or Fe. From this, there 194

are two values for Jb (using GC or AF) and Jac (using GA 195

and CF), so the lowest energy states are used to extract 196

superexchange such that for an A-type AFM Jb ≡ Jb[AF ] and 197

Jac ≡ Jac[GA]. 198

C. Monte Carlo 199

Monte Carlo (MC) methods have been used extensively 200

in the simulation of magnetic systems. Here, I consider a 201

classical Heisenberg model in a MC methodology with a 202

slightly different practical implementation. 203

To begin, there are two local variables associated with each 204

site, the angle of azimuth φ and the angle of elevation θ , 205

as measured with respect to the crystallographic (z) c axis. 206

There is a local parameter with a probability weighted by the 207

doping fraction that keeps track of the type of atom at the 208

local sites, which selects single-site anisotropy energy and NN 209

superexchange interactions. At the beginning of a simulation, 210

angular variables corresponding to moment orientation are 211

randomized. The ordered indexation of the sites is then copied 212

with a random order, which is used during update processes to 213

avoid artifacts from ordered updates. 214

When a site is selected during a thermalization update, 215

the local fields are calculated to give the energy surface. The 216

minimum energy direction is calculated numerically, and a 217

new coordinate system of φ′ and θ ′ is defined for that unique 218

axis z′. To reduce the energy calculation calls, the value of 219

φ′ is chosen with a flat random probability, and then θ ′ is 220

discretized into nθ different angles, from which a weighted 221

probability obeying Boltzmann statistics is chosen. A rotation 222

back to the crystallographic φ and θ is performed before 223

moving to the next site. This update process is first repeated 224
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for a number of burn-in steps (nburn) until the energy is sta-225

bilized, and then repeated (nupdate) until sufficient data on the226

thermalized state exists for calculation of magnetic properties.227

Matrix numerics are performed using NUMPY objects [34]228

with LAPACK [35] diagonalization routines and a MINPACK229

[36] minimization routine, implemented via SCIPY [37]. A230

discussion of finite-size effects is in Appendix A.231

D. Single-ion magnetic properties232

The single-ion physics of Mn3+ and Fe3+ is considered in233

the context of ligand field theory (LFT) with the AOMX pro-234

gram [38] to explore structure-induced anisotropy changes.235

The angular overlap Hamiltonian has electron-electron in-236

teractions that utilize Racah parameters B = βBB0 and C =237

βCC0, ligand field interactions that are written in the angular238

overlap formalism to have es and ep that scale with distance239

as r−n, and a spin-orbit interaction parameterized by ζ = kζ0.240

[39] This leaves six parameters (βB, βC, es, ep, n, k) that must241

be determined in order to calculate the single-ion anisotropy,242

which is extracted from the spin-orbit splitting of the ground243

term. A discussion of the single-ion parametrization scheme244

is in Appendix B.245

III. END MEMBERS, DOUBLE PEROVSKITES, AND246

FOUNDATIONS FOR SOLID SOLUTION CALCULATIONS247

A. Experimental magnetic parameters248

Literature on the undoped end members of AMFO is249

presented in preparation for comparison to simulations. The250

available magnetic structures, NN superexchange energies,251

and single-ion anisotropies are recounted.252

Using the language of symmetries, the magnetic or-253

der of the undoped compounds can be described. In the254

Pnma structural space group of AMFO, there are four mag-255

netic irreducible representations for the B site: �1, �3, �5,256

and �7 [40]. These tabulations may be written in a no-257

tation that describes the magnetic symmetry with a let-258

ter and a subscript corresponding to the moment direc-259

tion [41], such that �1 = (Gx,Cy,Az), �3 = (Cx,Gy, Fz),260

�5 = (Ax, Fy,Gz), and �7 = (Fx,Ay, Cz), corresponding261

to magnetic space groups Pnma, Pn′m′a, Pn′ma′, and262

Pnm′a′, respectively. If in the nonstandard Pbnm setting,263

�1 = (Ax,Gy, Cz), �3 = (Fx, Cy,Gz), �5 = (Gx,Ay, Fz),264

and �7 = (Cx, Fy,Az), corresponding to magnetic space265

groups Pbnm, Pbn′m′, Pb′n′m, and Pb′nm′, respectively.266

A way to try to avoid confusion of the unique crystal axis267

setting is to write these irreducible representations as �1 =268

(AS,GM, CL), �3 = (FS, CM,GL), �5 = (GS, AM, FL), and269

�7 = (CS, FM, AL), where the subscripts denote the short (S),270

medium (M), and long (L) crystallographic axes; although,271

materials have been refined with different short and medium272

axes symmetries, even while the primary directions of the273

manganite local Jahn-Teller distortions are in both cases along274

the medium axis [14].275

These orthomanganites order as A-type antiferromag-276

nets, and weak FM is present due to magnetocrystalline277

anisotropy and antisymmetric exchange [42]. Neutron diffrac-278

tion gives �5 for the B-site magnetism, and an ordered279

moment of Ax = 3.87 μB (TN = 140 K) for LMO [43],280

Ax = 3.80 μB (TN = 82 K) for NMO (reported as Ay within 281

Pbnm) [44], and other modes less than the detection limit 282

of the experiment. The LMO neutron scattering experi- 283

ments included oriented-crystal-inelastic work that extracted 284

JMnMn,b = −0.58 meV, JMnMn,ac = 0.83 meV, and DMn = 285

−0.165 meV, while powder inelastic in a different series 286

of experiments extracted JMnMn,b = −1.1 meV, JMnMn,ac = 287

1.85 meV, and DMn = −0.6 meV [45]. 288

These orthoferrites order as G-type antiferromagnets, also 289

having weak FM due to antisymmetric exchange [46]. While 290

the original work on LFO showed G-type AFM with an 291

ordered moment of Gz (reported as Gx for Pbnm) = 292

4.6 μB (TN = 750 K) [20], later high-resolution measure- 293

ments needed an additional mode to fit the magnetic structure 294

at room temperature [47]. There are structural changes as a 295

function of temperature present in LFO [48] which are linked 296

to magnetic reorientations in orthoferrites [46,49], but no spin 297

rotation in LFO has been explicitly reported. In NFO, these 298

reorientations have been measured to take place between 90 299

and 120 K, and after an onset of ordering with Gz (reported 300

as Gx for Pbnm), Gy (reported as Gz for Pbnm) components 301

become dominant in the low-temperature limit where a range 302

of values for the ordered moment of NFO is reported to be 303

between 4.2 and 4.5 μB (TN = 670) [50]. Light scattering of 304

NFO gives JFeFe,b = JFeFe,ac = −5.4 meV and a maximum 305

value of DFe = 0.02 meV, where the anisotropy has a temper- 306

ature dependence [49,51]. Powder inelastic neutron scattering 307

on LFO gives JFeFe,b = JFeFe,ac = −4.87 meV and DFe less 308

than the resolution of the measurement [45]. Single-crystal 309

inelastic neutron scattering was fit with a Hamiltonian con- 310

taining antisymmetric exchange and NNN superexchange to 311

give JFeFe,b = JFeFe,ac = −5.50 meV, DFe,z = −0.0179 meV 312

(reported as DFe,x for Pbnm), DFe,y = −0.0145 meV (re- 313

ported as DFe,z for Pbnm) [52]. 314

So, there is a good foundation to understand the magnetism 315

of the NMFO and LMFO end members. Unfortunately, there 316

is not yet spectroscopic evidence to determine the JMnFe inter- 317

action that will be present in solid solutions, although one po- 318

tential experimental anchor point is from strained La2MnFeO6 319

films that showed a transition temperature of 230 K [4]. Of- 320

ten, attempts are made to apply Goodenough-Kanamori rules 321

[53,54] to at least determine the sign of the JMnFe interaction, 322

but there is a chance for error with anisotropic ions having 323

bond angles different than 180°. Therefore, the approach here 324

is to check DFT against experiment for LaFeO3, LaMnO3, 325

NdFeO3, and NdMnO3 and then extend to the double per- 326

ovskites of La2MnFeO6 and Nd2MnFeO6 to guide choosing 327

JMnFe,b and JMnFe,ac values for solid solutions. 328

B. Calculations of magnetic parameters (with strain considered) 329

Magnetic parameters are calculated with DFT and LFT. 330

Density functional theory is used to calculate geometries 331

and NN superexchange of LFO, NFO, LMO, NMO, 332

La2MnFeO6, and Nd2MnFeO6. Zero-field splittings can 333

be computed for the different local structures, from DFT and 334

experiment. For discussions of strain, a new parameter ξ is 335

introduced that is the iron fraction of the structural lattice 336

considered (not the iron fraction of the ions). For LMFO, 337

the DFT lattice constants may then be expressed in units 338
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FIG. 4. Exchange constants obtained by DFT in nonrelaxed structures. The ground states have symbols surrounded by a black outline with
a highlighted yellow box, and the lines connect from left to right to a manganite structure (ξ = 0), to an average of manganite and ferrite
structure (ξ = 0.5), to the double perovskite structure (ξ = 0.5), to the ferrite structure (ξ = 1). The structural lattice doping values ξ are for
the structures, and the ions in the calculations are denoted in the figure legends.

of angstroms as a = 5.566 + 0.014ξ , b = 5.925–0.280ξ ,339

c = 7.692 + 0.225ξ , and V = 253.651–4.273ξ , and340

for NMFO a = 5.464 + 0.212ξ , b = 5.972–0.305ξ ,341

c = 7.587 + 0.255ξ , and V = 247.613–3.979ξ . The342

local environments of the short (s), medium (m), and343

long (l) metal-to-oxygen bonds in units of angstroms344

are then s = 1.925 + 0.107ξ , m = 1.984 + 0.051ξ , and345

l = 2.270–0.228ξ for LMFO and s = 1.925 + 0.105ξ ,346

m = 1.975 + 0.056ξ , and l = 2.283–0.177ξ for NMFO.347

Or, in terms of Jahn-Teller modes, (Q2 = 2(l–s)/
√

2348

and Q3 = 2(2m–l–s)/
√

6), Q2(LMFO) = 0.488–0.474ξ ,349

Q3(LMFO) = –0.185–0.182ξ , Q2(NMFO) = 0.506–350

0.399ξ , and Q3(NMFO) = –0.211–0.150ξ . The metal-351

oxygen-metal NN bond angles may be expressed as352

∠LMFO = 151.361 + 2.303ξ and ∠NMFO = 148.024 +353

2.087ξ . Tabulations and additional descriptions of the354

LFT and DFT results are available in the Supplemental355

Material [55], which also shows the deviations from structure356

interpolation of end members for the double perovskites and357

additional comparisons to experimental data [56–60].358

The effect of strain induced by transition-metal substitution359

on the superexchange in LMFO and NMFO was investigated360

by performing electronic relaxations in nonionically relaxed361

structures, e.g., LFO electronic energies calculated in the362

LMO structure that is not the ground-state structure of363

LFO and retains net ionic forces. These strain results are364

shown with ground-state results in Fig. 4. For LaFeO3 and365

NdFeO3, the transfer to Jahn-Teller distorted structures366

of LaMnO3 and NdMnO3 has the effect to increase367

the magnitude of JFeFe,ac and decrease the magnitude368

of JFeFe,b while retaining the G-type AFM. There is an369

approximate linear dependence of the DFT iron-iron370

interaction upon the iron fraction of the structural lattice371

ξ , whereby for NdFeO3 JFeFe,b/meV = –3.99–0.98(1-ξ )372

and JFeFe,ac/meV = –4.42 + 0.58(1-ξ ), and for LaFeO3373

JFeFe,b/meV = –4.11–0.87(1-ξ ) and JFeFe,ac/meV =374

–4.57 + 0.63(1-ξ ). For LaMnO3 and NdMnO3, the effect375

of transferring to the less distorted structures (towards376

LaFeO3 and NdFeO3) is a change in the ground state from377

A-type AFM to a FM half-metal with greatly increased378

superexchange interactions. The DFT manganese-manganese 379

interactions as a function of ξ are approximately quadratic, 380

such that for NdMnO3 JMnMn,b/meV = –0.27 + 5.50ξ 2
381

and JMnMn,ac/meV = +0.05 + 5.69ξ 2, and for LaMnO3 382

JMnMn,b/meV = –0.26 + 7.93ξ 2 and JMnMn,ac/meV = 383

+0.27 + 7.36ξ 2. For La2MnFeO6 and Nd2MnFeO6, the 384

G-type (ferrimagnetic) ground state is robust when straining 385

towards the more or less distorted parent phases. 386

Doping-induced strain may influence the magnetic 387

anisotropy. This LFT model directly connects the first co- 388

ordination sphere with the magnetic anisotropy, Fig. 2. 389

The trend of the local structure effect on the single-ion 390

anisotropy magnitude is visualized as a function of the 391

iron fraction of the host lattice structure ξ in Fig. 5. An 392

approximately linear dependence of magnitude is found 393

for both ions. For Mn3+:LMFO, |DMn| = 0.16 + 0.06ξ and 394

for Mn3+:NMFO, |DMn| = 0.16 + 0.09ξ . For Fe3+:LMFO, 395

FIG. 5. Single-ion anisotropy magnitudes in different environ-
ments. Using the local environments from DFT, the Mn3+ and
Fe3+ anisotropies in different local environments are shown. The
horizontal axis variable ξ tracks the structure in which the ion is
considered, and the ions are connected to symbols in the legend. The
ξ = 0.5 is the double perovskite structure, and the local environment
specific to the ion is used. The native states have symbols surrounded
by a black outline with a highlighted yellow box.
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TABLE I. Experimental ordering temperatures of end-member
compounds.

LaMnO3 [14] NdMnO3 [44] LaFeO3 [20] NdFeO3 [61]

TN/K 138 82 738 689

|DFe| = 0.002 + 0.050(1-ξ ) and for Fe3+:NMFO, |DFe| =396

0.005 + 0.049(1-ξ ). The local distortions take |DFe| from397

being a few percent of |DMn| at ξ = 1 to the same order398

of magnitude as |DMn| for ξ = 0 (the Jahn-Teller distorted399

structure).400

Monte Carlo simulations are used to model magnetic phase401

transitions of the chemically ordered systems, based upon the402

NN superexchange and single-ion anisotropy. The magnetic403

ordering temperature in the absence of single-ion anisotropy404

should be directly proportional to the superexchange energy405

in this classical MC model as TN,CMC = 1.494 JS2 (Appendix406

A), and for this anisotropic case it is estimated as TN,CMC =407

1.494 (|Jb|+2|Jac|)
3 SiSj . The experimental ordering temperatures408

are listed in Table I. For the orthoferrites, experiments have409

not reported any anisotropy between the superexchange in410

the basal plane and along the pseudotetragonal crystal axis,411

and here the ratio for the two values is taken from the DFT412

result and the overall magnitude fit to the observed Néel413

temperature. The DFT values had to be scaled by 1.54 and414

1.49 times to reproduce the observed TN via MC for LFO415

and NFO, respectively. Therefore, the DFT values for the416

double perovskites were also scaled by 1.5 times, which gave417

transition temperatures of 270 and 265 K for La2MnFeO6 and418

Nd2MnFeO6, respectively. The value for La2MnFeO6 is close419

to the 230 K reported for a film [4], although the interpretation420

here is ferrimagnetic while it is presumed FM in the film. For421

LaMnO3, the ratio of interplane and intraplane coupling is422

taken directly from the spin-wave experiment and magnitude423

is fit to the observed TN. For NdMnO3, it was seen in the424

DFT that the JMnMn,b is robust with respect to lanthanide425

substitution, so the ordering temperature was fit to a varying426

JMnMn,ac, with JMnMn,b taken directly from the LaMnO3 fit.427

Using the scaling law for TN,CMC would give 1.31 meV for428

NdMnO3 JMnMn,ac, but from a series of MC runs it was found429

that 0.95 meV reproduces the experimental ordering tempera-430

ture and this difference is attributed to the highly anisotropic431

superexchange parameters in that compound. The derived432

superexchange parameters are summarized in Table II.433

TABLE II. Monte Carlo superexchange parameters estimated
from consideration of experiment, DFT, and MC in concert. As de-
scribed in the text, the exchange parameters were scaled to match the
simulated and (where available) experimental ordering temperatures.

La Nd

JFeFe,b/meV −6.34 −5.93
JFeFe,ac/meV −7.05 −6.57
JMnFe,b/meV −0.66 −0.87
JMnFe,ac/meV −4.35 −4.16
JMnMn,b/meV −1.55 −1.55
JMnMn,ac/meV 2.12 0.95

IV. AMFO MONTE CARLO SIMULATIONS 434

Using the results from Sec. III, MC simulations of AMFO 435

solid solutions may be performed. The JMnFe interaction is not 436

experimentally available, and tests were performed to check 437

the signs of JMnFe,ac and JMnFe,b. Fixing the magnitudes due 438

to approximate agreement with the ordering temperature in 439

double perovskite films, the JMnFe signs are changed such 440

that the double perovskite would give A-type AFM, FM, C- 441

type AFM, or G-type AFM, where the G-type AFM double 442

perovskite would have a net ferrimagnetic moment. 443

The ordering temperatures extracted from the models, by 444

fitting the sublattice moments below TN to be proportional to 445

(T -TN)−β , are shown in Figs. 6(a) and 6(b). The critical ex- 446

ponent β was fixed to the three-dimensional cubic Heisenberg 447

model value of 0.366 [62]. The model of JMnFe = 0 shows 448

good agreement with the experimental ordering temperatures 449

for most dopings, although a suppressed transition with re- 450

spect to the experimental data available (for NdMn1-xFexO3) 451

begins to emerge in the vicinity of x = 0.5. If the dou- 452

ble perovskite A2MnFeO6 were to have A-type AFM order, 453

the parameters in Table II may be used except for setting 454

JMnFe,ac = |JMnFe,ac| to be FM in the ac plane. The small 455

iron-doping regime shows a qualitative disagreement with the 456

experimental data, whereby the JMnFe = A-type model has an 457

initial increase in TN rather than the experimentally observed 458

initial decrease. If A2MnFeO6 would be FM, the parameters 459

in Table II may be used, except for JMnFe,b = |JMnFe,b| and 460

JMnFe,ac = |JMnFe,ac|, which gives FM interactions for all di- 461

rections. This model does reproduce the initial decrease in 462

TN with x for low values of the iron doping x but tends 463

to overshoot for intermediate dopings. If A2MnFeO6 were 464

to have C-type AFM order, the parameters in Table II may 465

be used except for JMnFe,b = |JMnFe,b|, which gives FM lines 466

of spins along the b axis. This C-type model also tends to 467

initially increase TN for small values of x, as did the A-type 468

model, contrary to experiment. If A2MnFeO6 were to have an 469

arrangement of G-type AFM order, as in a ferrimagnetic order, 470

all of the parameters in Table II may be used. This G-type 471

model has the best agreement with the experimental data. 472

The mixing of different magnetic orders may give rise to 473

noncollinear spin arrangements, which is seen in the spin- 474

direction pair-correlation function (spin collinearity) which 475

is the spin-pair-correlation function without inclusion of the 476

magnitude and only direction, Figs. 6(c) and 6(d). This spin 477

collinearity may be expressed as
∑

NN
|Si·Sj|
|Si||Sj| . For JMnFe = 0, 478

the spin collinearity is decreased with doping due to the 479

different easy directions of Mn and Fe in the system. For 480

the JMnFe 	= 0 models there is a competition between the 481

Fe-dominated order and the Mn-dominated order to give well- 482

defined minima as a function of doping. There is a tendency 483

for energy to minimize by having order parameters of different 484

symmetry to point along orthogonal crystal axes. The position 485

of the minima is dependent on the model parameters. 486

The dominant types of magnetic symmetries observed are 487

A-type and G-type, and JMnFe influences the mixed region. 488

These phases may be visualized by considering the sublattice 489

magnetization, which is shown as a function of doping for 490

the JMnFe = 0, JMnFe = G-type, and JMnFe = A-type models 491
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FIG. 6. Monte Carlo simulations with different symmetries of
JMnFe interaction. Experimental data points defining the magnetic
phase diagram, as in Fig. 1, are compared to the different models
in (a) and (b). Using the same legend as the phase diagram, the spin
collinearity at 1 K is shown in (c) and (d). The magnitude of the
A-type and G-type ordered moments in terms of the spin moment
〈S〉 are shown with a normalization to the total number of sites, the
manganese contribution per manganese, and the iron contribution per
iron in (e)–(j).

in Figs. 6(e)–6(j). The larger anisotropy of Mn dominates492

the easy axis consideration, while for Fe the anisotropy is493

small enough that this simulation does not rigorously lock494

those moments in a given direction. Without any interaction495

between the manganese and iron, the per-site moments are496

retained up to a percolation limit and stick to the parent497

symmetries. When interactions between manganese and iron498

are introduced, the majority magnetic order tends to induce499

a degree of that majority order onto the minority ions, and500

vice versa. In specific terms, for x = 0.2 NdMn0.8Fe0.2O3501

with JMnFe = G-type as in Fig. 6(g), the majority magnetic502

order is A type and the minority magnetic order is G type,503

where most of the Mn is A type but there is a finite G-type Mn 504

component, and most of the Fe is G type but there is a finite 505

A-type Fe component. The crossover from A-type to G-type 506

majority magnetic order depends upon the JMnFe interaction 507

[Figs. 6(g)–6(j)]. 508

For a given symmetry of k = (0, 0, 0) magnetic order (i.e., 509

ferro, A type, C type, G type), there will be a preferred direc- 510

tion as in Fig. 3. Consider the JMnFe = G-type series that was 511

found to be most consistent with calculations and experiment. 512

Taking the direction of DMn to be along a unique axis u, 513

the MC-derived A-type and G-type order parameters may be 514

further broken down to components parallel and perpendicular 515

to u. Invisible in Fig. 6, there is a doping-induced spin 516

reorientation between x = 0.2 and x = 0.3 from (A||u,G⊥u) 517

to (G||u, A⊥u), where the ambiguity of the direction per- 518

pendicular to u may be resolved by a rhombic anisotropy. 519

Taking u to be along the medium crystallographic axis (M) 520

that corresponds to the long Mn-O bond for NdMnO3, the 521

doping-induced phase transition as x increases from 0.2 to 522

0.3 can be written as going from (AM,G⊥M) to (GM, A⊥M) 523

or in terms of what irreducible representations allow those 524

moments, �5 = (GS, AM, FL) to �1 = (AS,GM, CL). In the 525

absence of experimentally determined information about the 526

local coordination spheres of the ions with doping, these MC 527

simulations used the end-member parameters supplemented 528

with the double perovskite parameters for JMnFe. There is 529

then a large parameter space of doping-dependent superex- 530

change and anisotropy that is deemed too large to explore 531

without additional observables. For example, consider the 532

NdMn0.5Fe0.5O3 calculation. For the end-member parameters, 533

this gives the (GM, A⊥M) order as dictated by DMn||M 
 534

DFe. However, if DFe becomes increased due to strain, MC 535

simulations show an eventual stabilization of a ground state 536

satisfying DFe. For example, if DFe ‖ S and DFe is similar 537

to DMn, then a (GS, A⊥S) order is seen, or if DFe ‖ L and 538

DFe is similar to DMn, then a (GL, A⊥L) order is seen. The 539

result that persists is that the competing types of order align to 540

orthogonal axes. 541

V. DISCUSSION 542

An investigation of the magnetism in AMn1-xFexO3 (A = 543

La, Nd) has been presented. Considering the known ex- 544

perimental parameters for nearest-neighbor superexchange 545

and uniaxial anisotropy, and then furthering with density 546

functional theory and angular-overlap-based LFT, a clas- 547

sical anisotropic Heisenberg Monte Carlo simulation was 548

performed. This study has ignored antisymmetric exchange, 549

NNN superexchange, and the rare-earth magnetism. The DFT 550

and LFT parameters are semiquantitative for the end mem- 551

bers, with some scaling applied before simulation to repro- 552

duce the experimental ordering temperatures. The main MC 553

simulation was done with end-member parameters and is a 554

frame of reference for extension to strained parameter MC 555

simulations. 556

The nature of the JMnFe interaction between manganese 557

and iron sites is modeled in double perovskites. A G-type 558

ground state for both Nd2MnFeO6 and La2MnFeO6 is found 559

in DFT, with a slight strain dependence [Fig. 4(f)] that 560

does not destabilize the ground-state symmetry and suggests 561
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G-type arrangement will persist in strained films. This ferri-562

magnetic ground state is in disagreement with the FM ground563

state postulated for La2MnFeO6 [4] but does agree with the564

observation of a net moment in that material. A similar G-type565

ground state was found in a DFT study of Ho2MnFeO6 [11].566

The AFM JMnFe interaction also has the best agreement with567

the experimental dependence of TN upon x [Fig. 6(a)].568

The dependence of the ordering temperature on doping in569

AMn1-xFexO3 is reproduced. A semiqualitative agreement is570

found for all symmetries of interspecies interaction (JMnFe)571

considered but quantitative aspects of the phase diagram572

change for different models tried. The nonmonotonicity of TN573

upon x is a generic property of compounds having incompat-574

ible order parameters. The ground state of these orthoman-575

ganites being A type and these orthoferrites being G type, in576

the intermixed regions the system cannot accommodate both577

types of order simultaneously for a given spatial coordinate578

and there is a competition. In general, a third type of order579

may emerge from interactions between the parent phases, but580

in this case the interaction between the parent phases is the581

same symmetry as the orthoferrite end member.582

The experimental observation of two phase transitions for583

NdMn0.5Fe0.5O3 [18,24] can be explained by a coexistence584

of symmetrically distinct end-member-type superexchange-585

driven order parameters. From the model here, the first tran-586

sition (TN,1 ≈ 250–300 K) is then a Fe G-type–dominated587

transition and the second transition (TN,2 ≈ 50 K) may be as-588

signed to an Mn A-type–dominated transition. This Mn order589

parameter for the second phase transition at TN,2 is physically590

distinct from other posited order parameters: neodymium591

induced [24] as has been inferred from the TNd ≈ 20 K transi-592

tion in NdMnO3 [43] and the octahedral-rotation-induced spin593

reorientation native to NdFeO3 between 90 and 120 K [50].594

There are model phase transitions that are not experimen-595

tally observed in magnetic neutron diffraction. The extension596

of these MC results to long-range order in a real material is597

ambiguous because of the finite simulation size. For L = 22598

as for AMFO simulations, taking the metal-to-metal distances599

of ∼4 Å, this corresponds to an 8.8-nm domain. In LaMnO3,600

domain sizes are closer to 30 nm [63]. Therefore, a short-601

range order giving rise to clusters of spins that are not spatially602

phase coherent even in a single domain may be expected for603

the extreme doping values where a minority magnetic order is604

seen.605

The superexchange interactions may be modified by606

doping-induced stresses. This response of superexchange to607

stress was analyzed by tracking the DFT energies while608

forcing lattices to adopt strained structures, e.g., considering609

the magnetism of LFO ions on a fixed LMO lattice structure.610

While JFeFe and JMnFe both change with the structure, the611

G-type symmetry of the superexchange interaction is robust.612

On the other hand, JMnMn,b changes sign for some strained613

geometries considered, even as JMnMn,ac does not, changing614

from A-type interactions to FM. This sensitivity of JMnMn is615

expected to cause magnetic disorder in doped systems.616

The magnetic anisotropies may be modified by doping-617

induced stresses, and a model was developed that connects the618

first coordination sphere of the transition metals to the single-619

ion anisotropies. The effect of structure on the S = 2 trivalent620

manganese ion magnetic anisotropy is well represented in the621

literature due to connection with Jahn-Teller effects, while the 622

S = 5/2 trivalent iron ion is less so. Taking s, m, and l to 623

refer to the short, medium, and long metal-to-oxygen bond 624

lengths, the LFT model here showed that Fe-O(s) and Mn-O(l) 625

dictate the easy directions for DFe and DMn (respectively) 626

[55]. Connecting to the crystallographic lattice (where S, M, 627

and L to refer to the short, medium, and long crystallographic 628

axes), this shows how DMn||M and DFe ‖ L or M, with dipolar 629

anisotropy having a similar magnitude as DFe for AFeO3. The 630

analysis of local anisotropy for A2MnFeO6 showed that DFe ‖ 631

L and DMn ‖ M for the double perovskite, Fig. 2(e). Consider 632

then the influence of strain. The data in Fig. 6 use the native 633

anisotropies, where the uniaxial anisotropy DMn in AMnO3 is 634

2 orders of magnitude larger than DFe in AFeO3, and while 635

experimental determination of local ion octahedra is lacking, 636

the double perovskite calculations of ξ = 0.5 in Fig. 5 have 637

DMn only ∼6 times larger than DFe. These results show that 638

the direction and magnitude of DFe will be modified from 639

the AFeO3 values for appreciable manganese doping of an 640

orthoferrite. Finally, for mixed materials, the first coordination 641

sphere of a specific ion may not be completely correlated to 642

the average measured by diffraction and the anisotropy axes 643

may be poorly determined. 644

Doping-induced strain has little effect on the (paramag- 645

netic) ionic magnetic moment length, as the DFT calculations 646

did not show any changes above the 1% level. However, for 647

the various structures tried, the calculated ionic moments are 648

reduced from the g = 2 limit such that μMn = 3.6 μB (re- 649

duced from 4 μB for the free ion) and μFe = 4.2 μB (reduced 650

from 5 μB for the free ion). 651

At last, it is possible to try to understand the moment di- 652

rections and magnitudes of AMFO. The usage of end-member 653

parameters suggests better reproduction of experimental sys- 654

tems for lower dopings (x close to 0 or 1). Doping-induced 655

strain effects are qualitatively considered for higher dopings 656

(x far from 0 or 1). 657

The model magnetic moments compare favorably to ex- 658

perimental data in the low-doped regime. There is a neutron 659

diffraction study of the A-type and G-type magnetic moments 660

in NdMn0.8Fe0.2O3 [23]. The saturation value of the A-type 661

B-site moment is 2.69 μB from extrapolating the value above 662

the onset polarization of Nd moments. These MC simula- 663

tions found that 〈SMn〉[A-type] = 1.66 and 〈SFe〉[A-type] = 664

1.15 for NdMn0.8Fe0.2O3. The calculated ionic moments 665

then give an A-type long-range order simulation value of 666

2.58 μB, with 2.39 μB from Mn and 0.19 μB from Fe. For the 667

G-type B-site moment in NdMn0.8Fe0.2O3, neutron diffrac- 668

tion results extrapolate to a saturation value of 0.6 μB. The 669

simulations for NdMn0.8Fe0.2O3 find 〈SMn〉[G-type] = 0.33 670

and 〈SFe〉[G-type] = 1.02, which give a net G-type moment 671

of 0.65 μB, with 0.48 μB from Mn and 0.17 μB from Fe. 672

The simulated spin collinearity for NdMn0.8Fe0.2O3 of 0.91 673

(as opposed to 1 for an end member) is another way to 674

conceptualize the decreased ordered moment even as the 675

local moments retain their magnitude. As for the direction, 676

the experiment observes one irreducible representation, �5 = 677

(GS, AM, FL), which is consistent with DMn‖Mn-O(l)‖M 678

dictating the anisotropy. The local short axis that is expected 679

to set DFe is ambiguous as in NdMnO3 Mn − O(s)||L, while 680

in Nd2MnFeO6 Mn-O(s)||S and Fe-O(s)||L. Regardless, it 681
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may be that the DFe axis is not parallel to the G-type axis,682

as the iron spins are below the percolation limit and their683

order is subjugated to the manganese spins, where the �5 order684

parameter only has nonzero G-type moments as GS.685

For the intermediate-doped regime, the model is not as686

well motivated and the comparison is less direct. Neutron687

diffraction has been reported for NdMn0.5Fe0.5O3 [18,24], al-688

though the air firing of those samples is expected to introduce689

Mn4+ that is not included in this model [14]. Maximal G-type690

values of 2.42 μB [24] and 2.2 μB [18] are reported, both of691

which are less than the simple average of 0.5 × 4.2 μBFe +692

0.5 × 3.6 μB Mn = 3.9 μB Fe+Mn and greater than the Fe693

contribution alone. This incompleteness of the present model694

manifests in the incorrect model ordered G-type moments695

of 0.5 × 4.2 μBFe + 0.5 × 3.2 μB Mn = 3.7 μB Fe+Mn and696

A-type moments of 0.5 × 0.07 μB Fe + 0.5 × 0.23 μB Mn =697

0.15 μB Fe+Mn, suggesting strain-induced anisotropy and698

short-rage order effects are important to correct these values.699

As for moment direction, in one report the G-type moment700

is found to rotate from �1 = (AS,GM, CL) at higher tem-701

peratures to �3 = (FS, CM,GL) at lower temperatures [24],702

while the other makes no mention of moment direction at703

either 290 or 4.3 K [18]. For both sets of diffractograms, the704

lowest temperature data show greater intensity on the 011705

than the 101 (axes order as S, M, L) and the lowest angle706

data are then consistent with a linear combination of �1 and707

�5. At the highest temperatures, the observation of �1 is708

consistent with manganese spins participating in the G-type709

order and dominating the anisotropy with DMn||M 
 DFe.710

The second magnetic transition beginning near T = 70 K [24]711

or T = 40 K [18] may be related to the second transition in712

the MC simulations. In the simulations, this transition is due713

to a parameter with A⊥M, but no A-type order is reported for714

NdMn0.5Fe0.5O3. Experimentally, magnetization and neutron715

depolarization show a FM component of ∼0.1 μB evolving716

below the second transition [24], and the high temperature717

�1 has no FM component. This FM could be due to Mn4+
718

impurities causing double-exchange, weak FM from antisym-719

metric exchange as in NMO, strain-induced JMnMn > 0, or720

a combination of all three. Irreducible B-site representations721

with both FM and G-type AFM are �3 = (FS, CM,GL) and722

�5 = (GS, AM, FL). One possibility to resolve this apparent723

inconsistency is that the second transition develops due to724

short-range Mn-dominated �5-AM order that is in direct com-725

petition with �1-GM order forcing a G-type rotation, and the726

weak-FM component due to manganese antisymmetric ex-727

change could then have an FL mode. Element-specific magne-728

tometry, quantification of Mn4+, measurement of ion-specific729

local structure, and measurement of chemical clustering for730

an NdMn0.5Fe0.5O3 sample would be useful to understand this731

disagreement between the current model and experiment.732

These calculations are expected to be relevant to Mn4+-733

free AMn1-xFexO3 (A = La, Pr, Nd, Sm), where the NN734

Heisenberg Hamiltonian works well [25]. A detailed exper-735

imental study of the LMFO phase diagram with minimal736

Mn4+ would be useful. The PrMn1-xFexO3 (PMFO) phase737

diagram [64] shows iron spin reorientations from x = 0.6–1,738

when sufficient manganese inclusion presents a Jahn-Teller739

distortion that quenches iron spin reorientation. Similar to740

NMFO, PMFO shows a region of two magnetic transitions741

from x ≈ 0.35–0.5 that map well to the phase diagram in 742

Fig. 6. The SmMn1-xFexO3 is less studied, with a report of 743

SmMn0.25Fe0.75O3 [65] that is concerned mainly with the 744

FeO6 octahedral-rotation-induced spin reorientations that are 745

not considered here. Some insight may also be gained for 746

specific regions of heavier rare earths. The TbMn1-xFexO3 747

series has a rich literature owing to the noncollinear mag- 748

netic order of the multiferroic TbMnO3 end member [66]. 749

For low enough iron concentrations, the frustrating Mn 750

NNN interactions can stabilize the TbMnO3 spin-density- 751

wave and cycloidal order, but doping interrupts that detailed 752

balance for x > 0.1 and the A-type order from NN JMnMn 753

reappears. So, the doping region from TbMn0.7Fe0.3O3 to 754

TbMn0.3Fe0.7O3 may be informed by this work, as there are 755

two B-site magnetic transitions with a similar doping effect 756

as the AMn1-xFexO3 (A = La, Pr, Nd, Sm) series [67]. Neu- 757

tron diffraction is reported for the x = 0.5, TbMn0.5Fe0.5O3 758

compound where a tradeoff between �1 = (AS,GM, CL) and 759

�5 = (GS, AM, FL) is seen as a function of temperature [68]. 760

At 300 K, �5 is modeled to be ∼90%, gradually decreasing 761

in fraction to a minimum of ∼30% at T = 50 K, then in- 762

creasing again to >90% at T = 10 K, at which point the Tb 763

orders with an additional irreducible representation. Diffuse 764

scattering attributed to Tb short-range order is seen below 765

T = 26 K. There are subtle changes of the lattice with tem- 766

perature, but in all regions studied Fe-O(s) ‖ DFe ‖ S and the 767

Mn-O(l)‖DMn‖M. At the highest temperature, it could be that 768

DFe ‖ S is increased due to doping-induced strain and sets the 769

G-type direction, then there is a competition with DMn||M for 770

the G-type direction, and then JMnMn-influenced order may 771

induce short-range A type that causes diffuse scattering and 772

weak FM. 773

VI. CONCLUSIONS 774

Features of AMn1-xFexO3 (A = La, Nd; x = [0, 1]) B- 775

site magnetism are explained. Models for the anisotropy of 776

octahedral S = 2, d4 Mn3+ and S = 5/2, d5 Fe3+ have been 777

developed using ligand field theory that are connected to 778

the geometry of the first coordination sphere, allowing strain 779

effects on anisotropy to be investigated, and which show Mn 780

anisotropy directions along the local long Mn-O bond and 781

Fe anisotropy directions along the local short Fe-O bond. 782

The strain effects on the superexchange that mimic possible 783

environments of mixed Mn/Fe orthometallates have been cal- 784

culated using density functional theory. Double perovskites 785

have been simulated and yield ferromagnetic manganese-to- 786

iron superexchange interactions and comparison of Monte 787

Carlo simulations to experimental ordering temperatures of 788

solid solutions further confirms the calculated JMnFe param- 789

eters. Monte Carlo simulations compare quantitatively to ex- 790

perimental data for low dopings (e.g., x ≈ 0.2) and provide 791

qualitative insight into intermediate (e.g., x ≈ 0.5) dopings. 792

The experimentally observed nonmonotonic interpolation of 793

ordering temperatures when exchanging manganese with iron 794

is reproduced here and is due to competition between sym- 795

metrically incompatible order parameters. While paramag- 796

netic moments are not altered with doping, the ordered mo- 797

ment lengths in doping regions with phase competition are 798

found to be less than their maximal values due to disordered 799
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noncollinearity of spins. Altogether, these results suggest800

that insight into interspecies interactions in systems can be801

found by considering a solid solution doping series. Such a802

study may be relevant to understanding interactions between803

dissimilar transition metals with similar ionic radii that are804

difficult to stabilize as double perovskites.805
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APPENDIX A: MONTE CARLO ALGORITHM815

SIZE EFFECT816

No rigorous comparison of performance against standard817

methods was made, but the onset of the phase transition818

for different values of L was checked. Three-dimensional819

classical Heisenberg magnets on simple-cubic lattices have820

been studied extensively, and ratios of TC/J between 1.4432821

and 1.4446 for Monte Carlo and 1.4459 for series expansion822

are state of the art [62]. Using periodic boundary conditions,823

nupdate = 200 update loops per temperature, nθ = 100 angles824

for the discretization of θ ′, and nburn = 25, 3 orders of mag-825

nitude for the number of sites were simulated for this code826

(L = 10, L = 22, and L = 46). The derivative of energy with827

respect to temperature versus temperature and the mean of the828

size magnetization are two ways to visualize the phase transi-829

tion, as shown in Fig. 7. The scatter of data scales in the ex-830

pected way, with the number of sites averaging over space and831

time. Finite-size effects of the periodic boundary condition832

tests tend to overestimate the phase transition, with fits to the833

magnetic order parameter giving TC(L = 10) = 1.547 JS2,834

TC(L = 22) = 1.494 JS2, and TC(L = 46) = 1.458 JS2. The835

L = 22 size is a compromise between precision and conver-836

gence time, only overestimating the onset of order by 3%, and837

is used for simulations of AMFO that are presented in this838

work in comparison with experiment.839

APPENDIX B: ANGULAR OVERLAP840

PARAMETERIZATION841

The Mn3+ is a 5D ground-state 3d4 ion, which in Oh842

octahedral oxygen coordination has a 5Eg ground state with843

S = 2 [69]. From a cluster calculation with rMn-O = 1.95 Å844

[70], the energies of the first five excited states (3T1g , 1T1g ,845

1E, 3Eg , 5T2g) are 0.68 eV, 1.8 eV, 2.1 eV, 2.23 eV, and846

2.4 eV. A best fit of the cluster calculation to the ligand847

field Hamiltonian without distortions and without spin-orbit848

coupling gives energies of 0.55 eV, 1.85 eV, 2.00 eV, 2.43 eV,849

and 2.25 eV, and there is a qualitative disagreement between850

the ligand field parametrization and the cluster calculation851

whereby the relative energies of 5Eg and 5T2g have reversed852

order. The ratio of eσ /eπ is 3.3, which is similar the value853

of 4 reported for the oxygen-coordinated aqueous chromium854

ion [39]. The octahedral symmetry is lifted by Jahn-Teller855

FIG. 7. Monte Carlo algorithm calibration. There is a systematic
reduction in ordering temperature and data scatter from (a) specific
heat from fluctuations, (b) specific heat from energy derivative,
and (c) magnetization when increasing the number of sites in this
periodic boundary condition simulation. The dashed vertical line is
the literature value of the transition temperature.

distortion and from the distorted cluster calculation having 856

rMn-O = (1.90 Å, 1.95 Å, 2.14 Å) [70], the n parameter is 857

extracted by fitting to the Jahn-Teller splitting, DJT = 1.2 eV. 858

The fit value of n = 5.74 is reasonable, as it lies between the 859

n = 5 scaling for crystal-field point charges and the n = 6 860

scaling for crystal field dipoles [39]. Finally, the full Hamil- 861

tonian is applied in comparison to the measured single-ion 862

anisotropy constant, DMn = 0.16 meV [43,71], to extract k. 863

TABLE III. Ligand field parameters for Mn3+ and Fe3+ in pseu-
doperovskite local environments of AMFO. The free ion values (B0,
C0, and ζ0) [39] are shown as a basis of comparison. The r0 value is
the value at which eσ and eπ are as listed.

Mn Fe

B0 / meV 118 128
B / meV 109 118
βB 0.92 0.92
C0 / meV 506 521
C / meV 472 484
βC 0.93 0.93
eσ / eV 1.25 0.94
eπ / eV 0.37 0.29
r0 1.95 2.00
N 5.74 5.74
ζ0 / meV 44 57
ζ / meV 23 57
k 0.54 1

004400-10
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In this model, DMn is directly proportional to ζ 2 = ζ0
2k2.864

The parameter set described here for Mn3+ is summarized in865

Table III.866

The Fe3+ is a 6S ground-state 3d5 ion, which in octahe-867

dral oxygen coordination symmetry has a 6A1g ground state868

with S = 5/2 [69]. This Fe3+ is not Jahn-Teller active, and869

distortions from Oh symmetry are smaller than for the Mn3+
870

with a standard deviation in metal oxygen bond length of the871

order of 0.01 Å compared to ten times that for the Mn3+.872

Taking the ratio of eσ /eπ from the Mn3+, the ligand field pa-873

rameters can be directly extracted from the measured �OCT =874

1.69 eV ≡ 3eσ − 4eπ from x-ray absorption [72]. The βB, βC,875

and n parameters are taken from the Mn3+ analysis. While876

anisotropy constants of LFO and NFO have been measured,877

the assumption used for Mn3+ that the dominant term is mag-878

netocrystalline does not necessarily hold for orthoferrites as 879

other anisotropy energies have the same order of magnitude, 880

and magnetic dipole interactions are one example [73]. In 881

general, the value of k may be decreased due to electron 882

delocalization from covalency and distortion away from Oh, 883

and k > 0.9 for the hexaquo orbital singlet nickel, such that 884

k = 1 is reasonable for this compound. The zero-field splitting 885

is again directly proportional to ζ 2 = ζ0
2k2. The parameter set 886

described here for Fe3+ is summarized in Table III. 887

The anisotropy of Mn3+ in LMO and NMO is an order 888

of magnitude larger than the anisotropy of Fe3+ in LFO and 889

NFO. The easy axis of Mn3+ is along the long bond of the 890

oxygen octahedron, while the easy axis of Fe3+ is along the 891

short bond of the oxygen octahedron when oxygen-metal- 892

oxygen bonds are close to 90°. 893
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