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Density functional determination of the magnetic state of3-MnAs
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Ferromagnetic hexagonatMnAs has a first-order phase transitiong@eMnAs at about 40 °C. Because it
shows no long-range antiferromagnetic order, most workers assume that it is paramagnetic in spite of the fact
that it does not have a Curie-Weiss magnetic susceptibility. With the aid of density functional calculations, we
show that it is antiferromagnetic and explain the lack of observed long-range order.
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I. INTRODUCTION tion with increasing pressure has been measured by éthers

a-MnAs was studied 100 years dgand found to be fer- 2S has theB to « transit?on with increasing magnetic
romagnetic seven years lafeFhere has been recent renewed field*%*° Goodenought?° pointed out how ther to 5 and3
interest in MnAs because of its possible spintronic applical0 ¥ transition could be explained by a high spin Mn con-
tions. Ramsteineet al3 have studied spin injection from figuration in thea and y phases and a low spin Mn configu-
MnAs layers into GaAs while Tanalet al#5 have measured ration in theg phase. Andreseet al* found a spiral density
the epitaxial orientation and magnetic properties of MnAswave in S-MnAs. They worked at 4.2 and 80 K without
thin films grown on GaAs. Although we know of no calcu- stating whether it was present at both temperatures. A he
lations of B-MnAs, there are three calculatidn® of the  phase, created with 12.6 kbar of pressure, remains metastable
properties of zinc-blende MnAs, a phase which has nevebelow 160 K at 1 bar. Th@ phase can also be stabilized by
been grown and which was shooould not be stabilized substituting a small amount of V, Cr, Fe, Co, or Ni for the
either by lattice stretching or compression. Mn, or P for the As, resulting in a Néel temperature of 200-

More interesting to us is thg phase, which is not ferro- 230 K. Thus, it is unlikely(especially since it has never been
magnetic and which experiment has suggested is neith@bserved that 3-MnAs above 40 °C would support a spiral
paramagnetic or antiferromagnetic. The transition from thespin-density wave. We now restate the facts concerningthe
hexagonal NiAs(space-group number 194 phase to the phase and then give the only description of thphase con-
orthorhombic MnRspace-group number $8 phase is first ~ sistent with these facts and with Occam’s raz@MnAs is
order and occurs at 40 °Ref. 9 or 44 °C (Ref. 10, the  not ferromagnetic. It is unlikely to be paramagnetic because
difference probably resulting from slightly different sample it does not have Curie or Curie-Weiss behavior. Unlike dhe
stoichiometries. Extrapolation of the magnetization versugo g transition, Jahn-Teller structurally driven phase transi-
temperature curve gives a Curie temperdtufer the o  tions go from lower to higher symmetry with increasing tem-
phase of about 127 °C. The resistivity of tie phase at perature. Thus, except for the fact that no antiferromagnetic
100 °C is about 3.3 times that of phase at 35 °¢213Ney  order has been seen in thg phase, this transition would
et all* have found that ther and 8 phases coexist between seem to be magnetically driven, from the high symmetry
10 and 40°C in heteroepitaxially constrained MnAs/ferromagnetic state to a lower symmetry antiferromagnetic
GaAg001) films. The fact that3-NiAs transforms to the state. Our solution to this conundrum is thgMnAs con-
paramagnetiey phasgwith the same NiAs structure as tae  sists of antiferromagnetic planes of Mn but that the exchange
phasg at 130 °C, essentially the extrapolated Curie temperacoupling between planes is so weak that the ordering of the
ture of thea phase, together with the anomalous behavior ofplanes is random, i.e., an up spin in one plane is equally
the inverse susceptibility of thg phase, led Guilladd to likely to be below an up or a down spin in the plane above.
speculate thap-MnAs is antiferromagnetic. However, no This randomness accounts for the failure of neutron scatter-
long-range magnetic order has been detected by neutrdng to detect long-range antiferromagnetic order. In the next
diffraction®'®> Unlike B-MnAs, y-MnAs shows normal section we show that this description is consistent with the

Curie-Weiss behavide results of density functional calculations.
There have been three different explanations fordite
o e . .
B transition. Kittel® proposed two ferromagnetic sublattices Il CALCULATIONS AND RESULTS

whose exchange coupling changed sign at the transition tem-

perature leading to a ferromagnetic-antiferromagnetic transi- These ultrasoft pseudopotentfatalculations were done
tion. This theory was rejected by Goodenough and Kathlas using thepwscr package of Baronet al?® We sampled a
because no antiferromagnetic order had been observed. Rot2x 12X 8 k-point mesh in the hexagonal Brillouin zone
bel et al1”18 purported to show with theory and experiment (cf. 3xX 3x 3 in Ref. 7 and a 12< 8 X 8 in the orthorhombic.
that the transition was ferromagnetic to paramagnetic. Theifhe PBE(Ref. 24 exchange-correlation density functional
theory showed how such a phase transition could be firstvas used and plane waves up to 35 Ry were used in the
order in a very compressible material with a strongly expansion. The partial core correctidnvas used on the As
volume-dependent exchange interaction. The: 8 transi-  atoms, but, in lieu of one on Mn, the Mrsand 3 semicore
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FIG. 1. Magnetization o&-MnAs in bohr magnetons per MnAs

(solid line) and negative of the cohesive energy per MnAs in eV

(dashed lingas a function of volume.
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FIG. 2. Majority (solid line) and minority spin(dashed ling
densities of states in electrons per eV per unit celledfinAs. The
Fermi energy is aE=0.

states were included in the calculations. The hexagonal cafonically with volume from 1.76 a¥=254.5 boht to 1.39 at

culations were converged to TORy while the orthorhombic
calculations were converged to PRy. The orthorhombic

V=649.0 bohe Because of the nonlinearity of the exchange-
correlation potential, our excellent agreement with the

lattice constants and atomic displacements were calculateéiPerimentaf magnetization might have been slightly worse

starting from the experimental values and iterating until al

forces were less than 0.4 mRy/bohr and all stresses less th

0.22 mRy/boh#
A plot of minus the cohesive energpbtained by sub-

| ad more core electrons been included in the calculation.

Qyr zero-temperature bulk modulus seems not inconsistent
with the 273-K experiment#i value. We could find no ex-
perimental value for the cohesive energy, but our calculated

tracting the energy of spin-polarized atoms from the totalcOhesive energy is quite consistent with our bulk modulus.

energy and the magnetization af-MnAs versus volume is

For example, scandium has a bulk modulus of 43.5 GPa

displayed in Fig. 1. One sees that it requires about a 4794X€f- 27 and a cohesive energy of 7.8 &Ref. 27) per two
reduction in the volume from its equilibrium value to cause&0Ms: Figure 2 is a plot of the spin density of sta2®S)

the magnetization to disappear in what appears to be
second-order phase transition. Although there would be
transition to theB phase before this occurred, the volume-
dependent magnetization theory of Rodbetllall?'8 does
not require a structural transition. Because fphase vol-
ume is only 2% small&rthan thea, it is highly unlikely that
the theory of Rodbelét al. is applicable to the phase transi-
tion in MnAs. In Table | we compare the equilibrium vol-
ume, cohesive energg/a ratio, bulk modulus, and magne-
tization with experiment forw-MnAs. The volume ana/a
were measuréd at 4.2 K. Our 0.96% discrepancy with the

experimental volume is extremely small for a density func-

tional calculation while ourc/a ratio is no better than fair
agreement with experiment. Thea ratio decreased mono-

TABLE I. Equilibrium unit-cell volume(in bohe), cohesive en-
ergy (in eV per MnAg, c/a ratio, magnetizatior{in bohr magne-
tons per Mn atory and bulk modulugin GPg compared with
experiment fora-MnAs.

Vol Econ c/a M B
Calc. 456.21 6.982 1.488 3.32 445
Expt. 460.62 1.51% 3.8 35.8

aReferences 21.
bReferences 11.
‘References 26.

gt the calculated equilibrium volume. The split off low-
gnergy states are the Ass dands while the higher lying
states come from the hybridizing Ap4nd Mn 3 bands.

The B-MnAs unit cell is obtained from thex by small
distortions as follows. A hexagonal lattice has a centered
rectangular unit cell withh=+3a and twice the ared anda
each relax by about 1%, almost, but not quite, maintaining
their 3 ratio, whilec does not relax at afl Although the unit
cell is almost hexagonal, there are sizable inner displace-
ments of the atoms which destroy the almost hexagonal sym-
metry. We have defined, b, andc to be consistent with the
hexagonal lattice. To get the standard definition used in Ref.
9 (abog — (bca).

In Table Il we list the cohesive energy and magnetization
for ferromagnetic, paramagnetic, and three different antifer-
romagnetic structures g8-MnAs. The two(001) planes of

TABLE Il. Cohesive energy(per MnAg calculated at the ex-
perimental high-temperature lattice constants and inner displace-
ments as well as with lattice constants and inner displacements
relaxed to their equilibrium values for ferromagnetic, paramagnetic,
and three antiferromagnetic structures described in text.

Ferro Para AFI AFII AFIII
Expt. 6.973 5.998 6.880 6.909 6.904
RIx. 6.982 6.507 6.896 6.936 6.937
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TABLE Ill. Calculated orthorhombic lattice constarita bohn, 16 ' ' '
volume (in bohP), and magnetization(in bohr magnetons per
MnAs) for the five crystals in Table Il, compared with experimental
values at 55 °C and 4.2 K with an applied pressure of 12.6 kbar. i
Note thatb=+3a for the ferromagnetic case which has hexagonal
symmetry. &t i
a
a b C \% M 8T T
Ferro. 7.070 12.246 10.522 910.99 3.32 - ]
Para. 6.405 11.427 10.215 747.69 0.00
AFI 6.830 11.915 10.768 876.29  3.38 41
AFII 6.879 11.907 10.732  878.98 3.56 - .
AFII 6.866 11.888 10.716  874.73  3.40 . . .
55 °C? 6.931 12.032 10.809  901.40 0 -10 -5 E(V) 0 5
4.2 K 6.603 11.641 10.547  810.70

aReference 9.

bReference 21.

Mn are ferromagnetic but oppositely polarized in AFI. In

AFII the planes are antiferromagnetic with ggown) spins
in one plane below ugdown) spins in the other, and in AFIII
the down(up) spins are below the u@own). The results are
listed for the fully relaxed positions as well as for the startingplied pressure while the paramagnetic lattice constants are
high-temperaturelattice constants and inner displacementsmuch smaller than the experimental ones under 12.6 kbar.
which are listed in Tables 1l and IV. It is interesting to note Table IV displays the displacements of the atoms in the
that with the experimental lattice parameters the ferromagerthorhombic structure away from their positions in the hex-
netic state is still the ground state. It relaxes back toagonal structure. One peculiarity is that the atomic displace-
a-MnAs. It is also interesting to note that in spite of their ments of AFI away from hexagonal are much smaller than
smaller volume, all three antiferromagnets appear to have gnose of AFIl and AFIII but itsb/a=1.745 is much further
larger magnetization than the ferromagnet. This is becausgom the hexagonal3 than the 1.731 of both AFIl and

all ferromagnets of which we are aware have their magnetiAFIIl. Figure 3 is the DOS of AFIII. If we divide these in
zation reversed in their interstitial regions. Had we listed thenalf (because the unit cell is twice as laygand compare
integrated absolute value of the magnetization per Mn atonthem with the sum of spin DOS of Fig. 2, we see that at the
for the ferromagnetic case as we did for the antiferromagfermi energy thes-phase DOS is about 8% larger than the
netic, M would have been 3.7 The paramagnetic crystal «. Thus, the 3.3 times larger resistivity of thgphasé?13

has by far the largest volume relaxation and thus the biggeshust be due to other sources, such as the 65-K higher tem-
increase in cohesive energy. Even so, its cohesive energyerature at which it was measured, in addition to the postu-
remains 430-meV below that of AFIIl. Thus, there are threejated disorder of its antiferromagnetic planes.

reasons to discard it as a possible candidate gdvinAs
above 40 °C: its small cohesive energy, its volume which is

much smaller than experiment, and its unusual magnetic sus-

ceptibility.

FIG. 3. Total density of states in electrons per eV per unit cell of
B-MnAs. The Fermi energy is &=0.

In Table Il we note that the relaxed lattice constants of all
three antiferromagnetic structures are smaller than the ex-
perimental values at 55 °C, as expected, but that they are
larger than those measured at 4.2 K under 12.6 kbar of ap-

IIl. CONCLUSIONS

We believe that our calculation is sufficiently accurate to

TABLE IV. Calculated positions of the atoms within the unit di_scard the poss_ibilit_y oB—MnAs_ being paramagn_etic even
cells of Table 11l compared with experiment at 55 °C. The Mn at- Without considering its non-Curie-Weiss magnetic suscepti-
oms are at[:,-a,-gl, [2,2+a,+8], [gyi_aétg]’ [2,

+a,%—,8] and the As atoms are &ﬁ

1

144

3
,—1—2+7,z+5], TV

—ol [2,5+y.3-0l [, 5-v.3+al.

o B y o
Ferro. 0 0 0 0
Para. 0.0528 0.0056 0.0069 0.0539
AFI 0.0100 0.0014 0.0001 0.0082
AFII 0.0475 0.0135 0.0049 0.0447
AFIII 0.0435 0.0030 —0.0019 0.0444
Exp? 0.0271 0.0047 0.0020 0.0245

3Reference 9.

bility. Since it is not ferromagnetic, that leaves only the pos-
sibility of its being a planar antiferromagnet with planes ran-
domly ordered to account for the lack of observed
antiferromagnetic order or its being in some more compli-
cated state that we have not considered. A spin glass seems
highly unlikely for an ordered compound and a spin-density
wave or spiral spin-density wave would have been detected
by neutron scattering. The question then remains, how con-
sistent is this random antiferromagnetic state with our calcu-
lations? We see that AFlilaligned planesand AFII (stag-
gered planesare degenerate, which makes it very likely that
their free energies at 40 °C will be very close to degenerate
and that rather than be staggered or aligned, the planes will
be random. We found the random antiferromagnet state lies
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40 meV below AFI with its alternating ferromagnetic planes.ties of density functional theory, should be sufficient to ac-
It also lies 45 meV above the hexagonal ferromagnetic statecount for the 45 meV in the free energy needed to account
The fact that thex— 8 transition occurs with increasing tem- for the transition to the disordered antiferromagnetic state.
perature indicates that there are contributions to the entropyherefore, we believe that our proposed disordered antifer-
which favor the antiferromagneti@ phase over the ferro- romagnetic state is consistent with these calculations and is
magnetica phase.We can only speculate what these mighthe most likely state foB-MnAs.

be. The almost perfect hexagonal lattice symmetry indicates

that the inner dlsplacgments of Table IV select 1 of 6 equiva- ACKNOWLEDGMENTS
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