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Tetragonal magnetic states of Fe and Mn
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Tetragonal states of Fe and Mn have been studied by finding total energies at constant Voasre
function ofc/a with the full-potential linearized-augmented-plane-wave method. Mininta {t/a) give the
c/a values of equilibrium states. Both Fe and Mn are shown to have stable and metastable equilibrium states
in each of several magnetic phases. The calculations on Fe show an antiferromé§Rgtiace-centered-
tetragonal(fct) equilibrium state ac/a=1.08, which has been stabilized as a strained epitaxial film. The
calculations on Mn show an AF equilibrium statecda= 0.96 (fct), in agreement with the measured value of
c¢/a=0.95 on a crystal stabilized by alloying. Also AF bcc Mn is shown to be unstable, but an equilibrium AF
state atc/a=0.60 exists[S0163-18209)03446-3

[. INTRODUCTION rately for cubic equilibrium states and to a good approxima-
tion for noncubic tetragonal equilibrium states. The minima
Crystals of the metallic elements in tetragonal structurealso give an estimate of the energies of the equilibrium
usually have two equilibrium states at different values ofstates, but do not fix the equilibrium volumes or individaal
c/a, the aspect ratio of the tetragonal unit cell. First-andc values.
principles total-energy calculations by full-potential band-  The reason the/a values at the minima d& depend little
structure methods have demonstrated the existence of thess V is that at equilibrium states of cubic symmetda and
two equilibrium states, one of which is the tetragonal groundv are orthogonal coordinates, so thHatdepends separately
state and the other a metastable stafdne minima of the on the deviations from the equilibrium poifitc/a) and 5V.
total energyE as a function ofa andc give the equilibrium At tetragonal noncubic equilibrium points the cross term in
states. In this paper the double minimization with respect tasV §(c/a) is small, as discussed in Ref. 4. The reason Ehat
aandc is not done, but the simpler procedure of minimizing depends only weakly ol around the equilibrium value is
E(c/a) at constanV(=ca?/4) is used. If the volume is not that at a minimum changes B are second order iaV.
too different from the volume of the equilibrium states, the The tetragonal AF states of Mn were studied around the
c/a values at the minima oE(c/a) locate the equilibrium  fct minimum by Oguchi and Freemarut not with a full-
states. The reasons why tlkéa values and energies at the potential method. In the present work the same full-potential
minima depend little on volume are discussed below. method that was used for Fe is applied to Mn, giving again
In the case of magnetic elements the description of tetragthree phases with separate energy curves at constant volume
onal states is more complicated because each magnetic phdsg(c/a) with results that differ from Ref. 5 and agree better
can have two equilibrium states, as will be shown for Fe andvith experiment.

Mn for their ferromagnetiqdFM), nonmagnetiqdNM), and The first-principles total-energy calculations on Fe and
antiferromagneti¢AF) phases. Mn in tetragonal structure were performed using the full-
The AF phases of Fe and Mn are of particular interesipotential  linearized-augmented-plane-wave(FLAPW)

because both can be produced in experiment: AF Fe can bmethod with the local-spin-density-approximatibmithout
stabilized by coherent epitaxial growth on suitable substrateselativistic correctiondLSDA-NREL). Magnetic properties
and the AF phase of Mn by small concentrations of impuri-of metals have been calculated with considerable success us-
ties (which can be extrapolated to zero concentrgtion ing the LSDA-NREL corrections for electron-electron inter-
The tetragonal states of Fe have been studied by Peng amdtion, e.g., in establishing the observed type-Il AF ground
Jansef (PJ in first-principles full-potential calculations of state of FeRh in CsC(B2) structuré® The LSDA-NREL
total energy at constant volume. Their results have been usezlculation failed to give the correct ground state of elemen-
previously to evaluate the/a values of equilibrium AF and tal Fe by a few mRy/atombut this paper is not concerned
FM states at face-centered-tetragorift) values ofc/a  with deciding which equilibrium state is the ground state, but
>1, and to show that epitaxy on Cu strains the Fe lattice tmnly their c/a values. Calculations with the generalized-
a near fcc structure at the Cu lattice constafhe points  gradient approximation and relativistic corrections have in
calculated by PJ at constant volume are sparse; the presdatt shown that the/a values of the equilibrium states are
work verifies their points, but fills out complete curves, in- the same as with the LSDA-NREL correctioffs.
cluding the NM phase, for which PJ found only two points. A two-atom tetragonal unit cell with a constant volume
Reference 3 shows that the minimatfc/a) at constany/ per atomV was used in the calculationy=ca’?/2=ca?/4
give thec/a values of the equilibrium states—highly accu- wherea’ is the lattice constant of the square cross section of
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50 —7 TABLE I. c/a and relative energy values at the minima of the
EM(c/a), E{F(c/a), and EYM(c/a) curves for Fe atV
= 40k =11.53 A% and Mn atvV=12.94 A°.
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DE: State c/a (mRy/atom) (Ry/atom
— 20F FM Fe 0.707 0.000 —2522.819 698
'-'IJ FM Fe 1.172 8.464
w 10 AF Fe 0.576 22.354
AF Fe 1.082 6.637
oH NM Fe 0.605 29.181
o0 L L LA B B NM Fe 1.000 11.389
N O e (Fot &Fo ) AF  Mn 0.958 0.000 —2292.629 711
@oo2 - et g | AF Mn 0.600 7.295
z e FM  Mn 0.839 11.845
) NM  Mn 1.000 11.015
E 0 —
(@]
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§ »L W_ ground state at the bcc pointa=0.707, a metastable FM
- state atc/a=1.172, and metastable AF states afa
o =0.576 and 1.082. Th&)"(c/a) curve has two minima,

4 one is at the fcc point/a=1.000 and the other at/a
05060708091011 121314 =0.605. The local moments as functionsadé in both the
c/a FM and AF phases are shown in FigblL The moment in

FIG. 1. (a) The energies of tetragonal Fe in the FM, AF, and the FM phase has essentially a constant vatag,
NM phases as functions af/a at the experimental value of the ~2.30ug, wWhile the moment in the AF phase increases by
volume per atomvV=11.53 2. The data points connected by a ~0.50ug whenc/a changes from 1.0 to 1.4. The minimum
solid or a dashed line are from present work. The filled trianglesenergies(including the reference enerdy,) and the corre-
diamonds, and squares are the data of&f. 2 at the same/ in spondingc/a values are tabulated in Table I.
the FM, AF, and NM phases, respectively. The reference erigggy Figure 2a) shows the energies of tetragonal Mn in the
is given in Table I. (b) The local moments of the Fe atoms as FM, AF, and NM phases as functions ofa at the experi-
functions ofc/a in both the FM and AF phases. mental valu& of the volume per atorv=12.94 A3. Refer-
ence 12 found the lattice constants of purévin at low
a body-centered-tetragon@ct) description, anch=v2a’ is  temperatures by extrapolating the lattice constants of alloys,
the lattice constant for a fct description. Three different ini-which stabilized the tetragonal structure of Mn by addition of
tial magnetic configurations, i.e., parallel, antiparallel, andnickel impurities, to zero concentration of impurity. This ex-
zero moment spin arrangements in the unit cell, were usettapolation gives a=3.796A, c¢=3592A, V
for the FM, AF, and NM calculations, respectively. The =12.94 A%/ atom, c/a=0.946. Figure 23 shows that Mn
FLAPW calculations reported here used thiEng7 (Ref. 6 has an AF tetragonal equilibrium statecaa=0.958, and an
code with a plane-wave cutoRyt K,.=9, Rur=2.1a.u, AF metastable equilibrium bct state @& =0.600. However
Gmax=14 and 360k points in the irreducible wedge of the the AF bcc state at/a=0.707 is inherently unstable, since
Brillouin zone. The Fermi energy is calculated akdpace the energy has a maximum there. TEfé"(c/a) curve of Mn
integration is done by the modified tetrahedron methédl.  is discontinuous betweec/a=0.925 and 1.075, and has a
the calculations were highly converged. Tests with large bahorizontal inflection point at/a=0.707, consistent with cu-
sis sets and different Brillouin-zone samplings yield onlybic symmetry. TheEy"(c/a) curve has a minimum at the
very small changes in the results. fcc point c/a=1.000 and a horizontal inflection point at
c/a=0.707. Figure th) shows the local moments as func-
tions of c/a in both FM and AF phases. The FM moments
drop to zero betweerc/a=0.925 and 1.075 where the
Figure 1@ shows the energies of tetragonal Fe in the FM,E\F,M(c/a) curve is interrupted. The minimum energigs-
AF, and NM phases relative to the ground state as functionsluding the reference enerdy,) and the corresponding/a
of c/a at the experimental value of the volume per atgm values for Mn are also tabulated in Table I.
=11.53 A° of the bulk of the Fe film epitaxiit on Cu(001).

Il. RESULTS

The data points connected by a solid or a dashed line are Il DISCUSSION
from the present work. The filled triangles, diamonds, and '
squares are the data of’rat the same&/ in the FM, AF, and The total-energy curveB,/(c/a) sweeping across the te-

NM phases, respectively. It is apparent that the data points dfagonal plane reveal the rich complexities of behavior
PJ are close to our more complete energy curves. All threshown by Fe and Mn when tetragonal and magnetic structure
energy curves in Fig. (&) show the characteristic two are combined. In these strongly magnetic elements the
minima of tetragonal structures. Tetragonal Fe has a FMurves show that AF and FM phases compete for the lowest
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FIG. 3. The energies of tetragonal Mn in the FM and AF phases
as functions ofc/a at the experimental value of the volume per
L atom V=12.94 & (data points connected by solid linesnd at
U V=14.50 A (data points connected by dotted lineShe common

reference energyg, is given in Table |. For comparison, the
E{F(c/a) curve of Mn atV=14.50 A® from the tight-binding cal-
111 culations by Krger et al. (Ref. 14 is shown as a dot-dashed line
0506 0708 09 1.0 1.1 1.2 1.3 14 which has been shifted to match the value EﬁF(c/a) at c/a
cl/a =0.707 of the present work.
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FIG. 2. (a) The energies of tetragonal Mn in the FM, AF, and
NM phases as functions af/a at the experimental value of the 7-Mn. However the prediction does not hold for our result on
volume per atonV=12.94 A3, The reference enerdy, is givenin  y-Fe where the equilibrium AF phase @i =1.08 indicates
Table I. (b) The local moments of the Mn atoms as functions of expansion ot from the fcc value.
c/a in both the FM and AF phases. Figure 2 also shows that AF Mn is unstable at the bcc

structure, sinc& has a maximum at/a=0.707, but that a

energy state and that the fcc side of the plane is more favoibct equilibrium state exists a/a=0.600, which might be
able for the AF states than the bcc side. In Fe the AF ministabilized by epitaxy. However, further calculation is needed
mum atc/a=1.082 is only a few mRy above the FM mini- to find the correcV of the equilibrium state and hence the
mum atc/a=0.707 and the difference would be reduced at acorrect value of the in-plane lattice constant for a suitable
volume closer to that of the actual equilibrium AF phase.substrate.
That the difference will be reduced is known from previous The vanishing of the FM phase for fcc Mn af
LSDA-NREL calculations, which show that the fcc AF Fe =12.94A% is consistent with previous fcc Mn energy
minimum energy at/a=1 is actually lower than the bcc calculations:® In Ref. 13 it is shown that the FM phase does
FM Fe minimum energy at/a=0.707. The fct AF Fe mini- not exist in the fcc structure fov less than 14.1 A
mum energy at/a=1.08 will be even lower. In Mn the AF In a more recent theoretical papton the magnetic struc-
phase is lower at alt/a and the FM phase even disappearsture of Mn using a tight-binding method, &h,(c/a) curve
over a range ofc/a that includes the fcc structurecfa  for the AF phase is given which is quite different from our
=1) at the volume 12.94 Fatom. Fig. 2. In Fig. 3 of Ref. 14&,(c/a) atV=14.5A3 is shown

The Fe results for the AF and FM energy curves, whichto have a shallow minimum at the bcc point, where we have
verify the results of Ref. 2, have already been used in Ref. & maximum, and no minimum is shown near the fcc point
to draw conclusions about Fe films epitaxial on Cu andwhere we find the major minimum, which is the minimum
strained from the minima at/a=1.082 and 1.172. Such that agrees with experiment. The AE,(c/a) at V
films are shown to be nearly fcc with the Cu lattice spacing=14.5 A3 from Ref. 14 is shown in Fig. 3 as the dot-dash
and the bulk of the film is then stabilized by the epitaxy inline placed together with our AE(c/a) curve at the same
the AF phase, but the bulk is inherently unstable in the FMvolume (data points connected by a dotted )inEigure 3
phasé¢’ also shows the AF and FM energy curve \&t12.94 A3

The Mn results for the AF phase show good agreement ofdata points connected by solid linesnd the FM curve at
the deep minimum at/a=0.958 with experimenf at c/a  V=14.5A3 (data points connected by a dotted Jin€om-
=0.946. This agreement is evidence for the reliability of theparison shows that the/a values at the energy minima
FLAPW calculations, since the previous calculation in Ref. 5¢change only slightly, hence the same values should apply at
found the minimum to be at/a=0.90 with an linear muffin- the minima of the equilibrium phases when the values of the
fin orbital method in the atomic-sphere approximation. Ref-equilibrium V’s have been found. Figure 3 also shows that
erence 5 also gives a qualitative argument and prediction thahe AF phase lies further below the FM phase at 14 5h&n
a cubic structure will contract in the direction perpendicularit does at 12.94 A and that the FM phase at 14.5 Aow
to the FM planes of a type-l AF crystal, such as occurs inexists continuously across the tetragonal plane.
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In a recent papét calculations for Fe withwiEN97 have ~ More precisely, a double minimization with respect to bath
found Ey(c/a) for the FM and NM phases, but not the AF andc is required.
phase(Fig. 2 of Ref. 15, atV=11.72 A%. Thec/a values of
the minimum and maximum agree with Fig. 1, but are not ACKNOWLEDGMENTS
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