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We present an extensive study of the pressure-induced bcc to hcp martensitic transformation in iron, using
a spin-polarized full-potential total energy technique. The calculated pressure where the phases have equal
enthalpies, 10.3 GPa, agrees well with the experimental value. Total energy surfaces as a function of the atomic
displacements, which in the bcc phase correspond toTthil-point phonon mode and a long-wavelength
shear, are calculated for six different volumes. We observe that the bcc phase is thermodynamically unstable
with respect to the hcp phase, long before it becomes dynamically unstable. The transition pressure at room
temperature is estimated to approximately 50 GPa. We find that magnetism is the primary stabilizing mecha-
nism of the bcc structure. Furthermore, we observe a sudden drop in the magnetic moment at a certain point in
the transition path, which results in a discontinuous derivative in the energy surface. This is a clear signature
of a first order ferromagnetic to nonmagnetic transition, responsible for the main part of the latent heat
developed in this martensitic transformation. We also observe low-spin states at certain structures and pres-
sures. Finally we employ Stoner theory to explain the behavior of the magnetism along the transition path.
[S0163-182698)06030-3

[. INTRODUCTION perature, with a hysteresis that is characteristic of a marten-
sitic phase transitiot? 2!

There is strong experimental evidence that the Earth’s Despite considerable theoretical effort, the mechanism for
core is essentially composed of iron or an iron-dominatedsuch a martensitic phase transitivPT) is still not clear.
alloy.}? At pressures lower than about 0.2 GPa, the phas€ochrai? and Andersoff formulated a soft-phonon model
diagram of iron is reasonably well knowfbut the region of according to which the frequency of the relevant phonon
high temperatures and high pressures is still, despite recebhtanch should go to zero at the MPT. However, only a few
experimental work® highly uncertain. This includes the systems show this behavigt.Krumhansl and Goodirfg
pressure$300—400 GPpand the temperaturgd000—8000 proposed a model based on the anharmonicity of an order
K) which are characteristic of the interior of the Earth. Evenparameter using a Landau-type expansion including fluctua-
the stable solid phase of the inner core of the Earth is notions of the relevant order parameter. On the basis of such a
firmly established. model the fcc to bcc MzF-:T in several metallic systems has

Theoretical attemp?s'? have been made to understand been explored rgcentﬁ% Another (fluctuationless model,
the phase diagram of iron and there have been extensivihere the MET is caused by defects, was suggested by Vul
studies performed on the Bain’s path for a transition from theand Harmor_‘?. o . .
bce to the fec structurdusing ac/a variation in a bt We use first-principles total energy calculatlc_)ns for iron to
structure.’* "3 The most often proposed crystalline structure 2PtaIN thi comp()jl_ete entfargy srt:rf%ce as ﬁfuhnctlon of the tre;]n-
of the inner core is the nonmagnetic hexagonal phasgltIon path coorcinates from the bec to the hep structure. T ©

214-18 . . nergy surface is determined for the volume corresponding
(hcp” although there are speculations concerning othe

h h b A8 o I fo the transition pressure and for several higher as well as
phases, such as a magnetic bct p ince it is we lower volumes. We also construct an enthalpy surface and a

known'® that the hcp structure is lower in energy than the fccy\yme surface at the calculated transition pressure. These
structure for pressures ranging from 0 to 400 GPa it is Okyrfaces display in detail how the transition proceeds as pres-
considerable interest to study the bce to hep transition.  syre s applied. Besides this static information, the accurate
It is our ambition to perform a detailed study of the energy surfaces can be fitted to empirical interatomic poten-
pressure-induced transition path from the ground-state ofials which can then be used in future molecular dynamics
iron; ferromagnetic bcc to the suggested phase of the inngfimulations to study the dynamics of the transition. The fer-
core, i.e., nonmagnetic hcp. This includes a full descriptiorromagnetic moments of the structures are carefully studied,
of the variation of the ferromagnetic moment along the tranboth in a self-consistent spin-polariz¢8CSB scheme and
sition path. No calculations of the total ener@y enthalpy  in fixed spin-momen{FSM) calculations. The FSM results
of iron for a bcc to hep transition path have, to our knowl- are used in a Stoner analysis, which allows us to locate pos-
edge, yet been done. sible ferromagnetic phases and the conditions for their emer-
Experimental work has shown that the bcc to hep transigence as a function of pressure. Together with the SCSP
tion takes place at a pressure of 10-15 GPa, at room tenmesults, they complete the picture of how the magnetism de-
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creases along the transition path from ferromagnetic bcc to TABLE I. Calculated and experimental values for the equilib-

nonmagnetic hcp iron, for different pressures. rium volumes, bulk moduli, an@; N-point phonon frequency.
This paper is organized as follows. In Sec. Il, a brief

description of the geometry of the transition is given. Sec- Vo [(a.u)¥atom)] B, (GPa v (THz)

tions Il and IV contain the details of our calculations and LAPW Expt.  LAPW Expt. LAPW  Expt.

calculated ground state properties of the bcc and hcp phase%.CC
In Sec. V we discuss the phonon instability and relate it to
the electronic structure of bcc iron. Section VI presents the
study of the transition path and the results in terms of surface
plots for the transition energy, the enthalpy and the VO|UmeBa.30,31 The hcp phase obtained upon transformation along
In Sec. VIl we study the variation of the magnetic momentSy,;q path has &/a ratio of 1.57. This is not the ideal close
along the transition path and discuss the development of th acking ratio, but previous theoretical studies for ot

magnetism employmg_ the St?’!"er .modell. We show that th dicate thatc/a variations have a small effect on the total
bcc to hcp martensitic transition is a first-order magnetu:energy

phase transition which exhibits itself in a cugpdiscontinu-
ous derivativ@ on the energy versus displacement plot and in
a volume discontinuity. Furthermore, we show that the bcc Ill. DETAILS OF CALCULATION

phase is thermodynamically unstable with respect to the hep |, yhe calculation of the electronic band structure ener-
phase long before it becomes dynamically unstable and thﬂies we used WIEN9® a full-potential linearized aug-
the subsequent instability is not primarily due to phonon en,ted plane wavéFP-LA’PW) method. The LAPW method
_softenlng but to the effect of pressure on the magnetism Ofjyiges the unit cell into nonoverlapping atomic spheres and
ron. an interstitial region. Inside the atomic spheres a linear com-
bination of radial functions multiplied by spherical harmon-
Il. STRUCTURAL MODEL ics is used, and plane waves are used in the interstitial re-
gion. The solutions to the Kohn-Sham equatibnare

In order to describe the bcc-hcp martensitic transformas LT ; . .
tion it is necessary to know which planes are transforme(prandEd in this combined basis set. The method is free of

into each other. These crystallographic relations, establish z[1ape approximations to the charge density or the_ pot_entlal.
: 5 9 At he corrected tetrahedron metfidavas used for Brillouin
in 1934 by Burgerg® are described in compact form as

zone integrations. The calculations were spin-polarized and
the exchange and correlation contributions to the total energy
(10016cd| (00D nep, [ 11 eed[ 1100rcp- @ Were obtained within the generalized-gradient approximation
The above relations can be achieved by a transformatiofGGA) of Perdew and Wang. Using GGA, and not just the
scheme, involving two distortion$i) Opposite displacement local-spin-density-approximatiofLSDA), is essential be-
of adjacent (11Q) planes in thg 110],. direction which  cause within LSDA one finds for iron a nonmagnefiM)
corresponds to th&; phonon mode at thi-point of the bcc ~ fcc ground state, in contrast to the experimentally found fer-
Brillouin zone boundary. This displacement can be describeomagnetiqFM) bcc phase.
by a parametes which is the relative amplitude of the pho- ~ We used a 1515x8 k-point mesh, yielding 25& points
non. (i) Volume conserving shear deformation in the in the irreducible part of the Brillouin zone, for all structures.
[001],,.. direction, keeping the distance between the (340) The muffin-tin radius was set to 2.0 a.u. and the product of
planes unchanged. The shear can be characterized by a pae muffin-tin radius and the maximum reciprocal space vec-
rameterd, which is the angle between the two-body diago-tor Kmax: RutKmaxWas equal to 10. The maximuhvalue for
nals contained in the (11Q). plane. the waves inside the atomic spherks,,, and the largest
In an explicit manner, the above transformation can ben the charge Fourier expansioB .y, was set to 10 and 14,
described on &-based-centered lattice with lattice vectors: respectively. The number of radial mesh points was 799. All
[a/2,—b/2,0], [a/2,b/2,0], and[0,0,d, where thd0,0,1] di- total energy SCSP calculations were converged to within
rection corresponds to tHd,1,0 direction in bcc. The bcc  0.05 mRy/atom.
lattice is then described bg=a,., b=\2a,, andc
=\2a,,; with atoms at x;=(0,1/4,1/4) and X, IV. GROUND STATE PROPERTIES
+gg:;{g)’sgi)d'XZTZGXZEQ%?;)B) (;a:]r:j tt;f; \?OF)IB::S csﬁserxvling Earlier theoretical calculatiofs!? predict the FM bcc

78.15 79.51 185 172 522 453
hcp  68.94 263

shear can be written as ir_on to be the stable phase at gmbient conditions Whille at
higher pressures the NM hcp iron becomes energetically

a’ Ya 0 0O Abece more favorable. For comparison with these studies, we per-

formed calculations for the binding energies of the bcc and

b"|=] 0 a« O \/Eabcc , i) hcp iron structures. Values for the equilibrium volumes and

c’ 0O 0 1 \/Eabcc the zero-pressure bulk moduli for the two phases are pre-

sented in Table |. The experimental magnetic moments of
where a=[(1/y/2)tan(6/2)]¥2 In these coordinates the bcc the bee and hep iron, 225 and 0.Qug respectively, were
lattice corresponds t6=0, =109.47° and the hcp lattice to correctly reproduced. The two structures have equal energies
5=1/12 and#=120°. This transition path has earlier beenat the volume 70.3 al. The thermodynamically stable
used for the study of the same martensitic transition inphase is given by minimizing thenthalpywith respect to the
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FIG. 1. The total energy vs the relative, N-point phonon

_ ) c FIG. 2. The magnetic moment vs the relativeN-point phonon
amplitude for five different volumes.

amplitude for five different volumes.

state variables. Our calculation of the enthalpy as a function 1, study this issue further we performed FSM calcula-
of the pressure yields a transition pressure of 10.3 GPa, ifigns for the volumes 70 atiwith m=0 and 50 a.8. with

good agreement with the expenmeﬁ%ﬁlllézvalue, 10-15 1= 2.0ug. The results are shown in Fig. 3 together with the
GPa, and previous theoretical calculations. previous calculations where the spins were allowed to con-

verge self-consistently. We observe that the bcc phase is un-
V. MECHANICAL INSTABILITY OF THE bcc PHASE stable in the NM phase at the volume 70 %.but that it can

From the discussion in the previous section we expect ge.st'abilizeq at 50 "?"%With a magnetic moment Of 24 .
transition from the bcc to the hep phase to take place wheﬂ—h's is consistent with the result presented in Fig. 1 and Fig.
the applied pressure exceeds 10.3 GPa. However, before which shows that the bcc phase becomes unstable because
transition can occur, the bcc phase must become dynamicalf;I?e ferrpmagnetésm diminishes as the' volume decreases.
unstable with respect to distortions which transform it to the Pre\pousl wor ﬁ.ﬁpws that the Eam s path fronﬂ;FM hee
hcp structure. The transition path studied in the present worl2 NM fcc also exnibits a cusp in the energy verstscurve
involves two degrees of freedom, i.6.andé. In this section Wheré a magnetic first-order phase transition occurs. It is
we focus our attention o, i.e., the amplitude of th& obvious from our FSM calculations that without the influ-
N-point phonon. The Study’ofltf;is phonon alone is an ir%]por_ence of magnetism, this instability would have occurred at a
tant first step for the understanding of the bce-hep transitio OWer pressure. .Hen.ce, we.conclude, In agreement with Rgf.
since 5=1/12 yields a nearly hexagonal phase. 0, tha_t magnetism in bcce iron has a stabilizing effect. Th|§

Hence we performed total energy calculations for a set optenaro, where it is the effect of pressure on the.magnetlc
distortions withse[0.00,0.1Q and 6=109.47° for five dif- moment that eventually causes the instability, is quite differ-
ferent volumes. The results are presented in Fig. 1. The et from the results for B& where theT, phonon softens as

perimental zone-boundail; N-point phonon frequency has the pressure is increased.

been measuréé*to 4.53 THz and compares well with our W€ will now discuss the electronic origin of the
calculated 5.22 THz. A first important result of these Calcu_pressured-lnduced instability in bee iron. Figur@)shows

lations is that the pressure does not significantly affect the

harmonic frequency of this mode. Analysis of the data shows 6—o vol 50 a.u.' m=2.0y,
a slight stiffening of the mode which abates with high pres- ML vl 504
sure. The total energy versus phonon amplitude plot, cf. Fig. oot [ &2 zgi Zg Z‘Egmzo
1, is not a smooth double-well curve, but has a cusp. As the 0030 . o
pressure is increased the cusp approaches the bcc phase £ A
. . (3] 0.020
=0), eventually making the bcc crystal unstable. It is also =
important to note that before the bcc phase becomes un- 5 00
stable, the energy of the sheared hcp phase is already lower 3 opog— 8"
than that of the bce phase. Therefore, latent heat is developed & womo - \‘5\\\
during the transition, which indicates that it is of first order. ‘ B
In Fig. 2 we present the magnetic momemt, versus the 0020 \\%\\& o
relative phonon amplitudes, of the T; N-point phonon. The 0030 | B e S
results for the magnetic moment of bcc iron as a function of 00u0 , ‘ é'gﬂ ‘
pressure agree with previous studiéslote that the position o0 0.02 0.04 0.06 0.08 0.10

. . Relative phonon amplitude
of the cusp in the total energy curve agrees well with the

phonqn amplitude Whgrg a sudden drop in the magnetic MO- FIG. 3. The SCSP calculations for volumes 50%and 70 a.&.
ment is observed. This is a feature of a magnetic first-ordesre shown together with FSM results for volume 70 %awith m
phase transition. =0 and volume 50 a.tiwith m=2.0ug .
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~ ow| o ‘ T, ] as rigid shift of the up and down spin bands. The change in
3 S oovalsbau, energy upon flipping the spins from the NM to the FM state
9 ~. G -©vol 70 a.u. .
2 005t RN 1 then is
g oL
:;B 0.10 | \‘6\‘\&«& 4 1 2
5 > =— —
-0.20 : : : :
= 7500 [ ‘ ' ‘ ‘ ] wherem is the magnetic moment ards the Stoner param-
g Q\ & vol 50 a.u.z eter, which is a constant in this model. From EB). we see
% ss00 | Yo, GovolT0au. ] that the system is unstable towards FM ordering if
g T
g o
Ziasm | e o ID(Ep)>1, %)
E§ b e o o which is the Stoner criterion. It is now clear that for large
5% 00 o0 004 006 008 0.10 distortions, wheD (Ef) becomes small enough, the criterion

Relative phonon amplitude for magnetic instability is no longer fulfilled which leads to a

FIG. 4. (8) The valence-band energy vs the relative phonondrOp in the magnetic moment,_followed_ by a cusp in the
amplitude for the NM bcc phase at volumes 50 Rand 70 a.4. energy. The effect _of pressure is essenpall_y to enhance the
(b) The density of states at the Fermi level vs the relative phonorPVerlap of the atomic wave functions, which in turn broadens
amplitude for the NM bcc phase at volumes 50 hand 70 a.d.  the flatd-bands close t&r and therefore lowerB (Ef) [cf.

Note that the bcc phase corresponds to phonon amplitude zero bfig- 4(b)]. Smaller distortions are then needed to induce the

that the hcp phase is not reached by the phonon alone. transition from the FM to the NM state, hence the cusp in
_ energy approaches the bcc phase.
the NM valence-band energy as a functionsdor the vol- The band model discussed in this section is of course

umes 70 a.d.and 50 a.i%. We note tha#s-distortion reduces crude but it gives an intuitive picture of the physics involved.
the band energy of the bcc structure $1150 mRy at the  |n Sec. VII we will perform an improved analysis of our

volume 70 a.i. and ~130 mRy at the volume 50 a¥.. results within the framework of the Stoner theory. There we
which is about 3 to 4 times larger than is observed for theyill allow for a varying Stoner parameter and the shape of

total energy(cf. Fig. 3. This is due to the fact that the the D(E) near the Fermi level will be taken into account.
decrease in the band energy is partly compensated by the

increasing Madelung energy, which has its minimum at the
undistorted structure. We nevertheless conclude that the in-
stability of the NM bcc phase againstdistortions is to a To obtain the bce-hep phase transition path, we calculated
large extent caused by the electronic band energy. the total energy on a two-dimensional grid of shear angles
Inspection of the bcc density of statd3(E), confirms  (6) and relative phonon displacemert, for six different
what is to be expected for a transition metal in a high-volumes. The energy surfaces were constructed using a
symmetry phase with flat degeneratdands near the Fermi fourth order polynomial fit to the energy in thedirection
level Eg, i.e.,D(E) has a peak close . Such a state is and then connecting the curves linearly along éheoordi-
energetically unfavorable. Its energy can be lowered in esnate. Only three of the six energy surfaces are shown here.
sentially two ways.(i) By lifting the degeneracies in the The energy surfaces can be divided into two connected re-
electronic energy bands through lattice distortions which regions, with extrema centered at the two stable high-
duces the symmetry of the crystal, hence lowering the numsymmetry phases. Where these regions meet, the energy has
ber of electronic states at the Fermi level. This is illustrateda cusp, similar to the one discussed in Sec. V. The cusp is the
in Fig. 4(b), whereD (Eg) of NM iron is plotted as a function peak of the barrier separating the bcc and the hcp phases. A
of 8, for the volumes 70 a.t.and 50 a.i. We see a clear study of the variation of the magnetic moment in #&®)
decrease iD(Eg), analogous to the reduction of the band plane(cf. Fig. 8) suggests that the two regions are strongly
energy, which is displayed in Fig.(@. (ii) By lifting the influenced by the magnetic state of its high-symmetry struc-
spin degeneracy and allowing for spin-polarization. This willture. Hence the structures surrounding the bcc plibse-
lead to a splitting of the up and down spin bands, thus rerelated are ferromagnetic with magnetic moments close that
ducingD(Eg) significantly. of the bcc phase, while the hcp-related ones are nonmag-
It is a well-known fact that in bcc iron the latter scenario netic. Clearly, the discontinuous change in the energy deriva-
takes place, which is confirmed by our SCSP calculationstive at the boundary between the two regions is a signature of
The spin-splitting which gives rise to magnetism thus stabi-a magnetic first-order phase transition.
lizes the bcc structure since the degenerate flat bands are no At the volume 74 a.d, cf. Fig. 5, both phases are stable
longer positioned near the Fermi level. Therefore there is ndut the bce structure has the lowest energy and the barrier
energy gain in lowering the symmetry through atomic dis-between them is approximately 15 mRy/atom. With the ap-
placements. However, we have already seen that at higplication of pressure the energy difference between the bcc
pressures and for large enough distortions a cusp in energand hcp phases decreases, and the region of bcc-related
occurs, corresponding to a sudden drop in the magnetic mestructures shrinks and the cusp approaches the bcc phase,
ment(cf. Figs. 1 and 2 lowering the barrier between the phases. This agrees well
A qualitative physical interpretation can be given within with our observations in the previous section. At volume
the Stoner model, assuming slowly varyiBdE), as well ~ 70.3 a.u® where the bcc and hcp phases have equal energies,

VI. TRANSITION DYNAMICS
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FIG. 5. The surface plot of the calculated total energy as a
function of the relative atomic displacement corresponding to the FIG. 7. As in Fig. 5, forv=60 a.u®.
T, N-point phonon mode and the angle of the shear motion at
volume 74 a.i. The coordinates for the bcc and hep phase areexpect a volume discontinuity at the point in the path where
(6,0)=(0,109.5 and (6,6)=(1/12,120, respectively. The contours, the magnetism drops, i.e., at the position of the cusp in the
with spacing 5 mRy, are guides to the eye. energy. This volume change will affect the enthalpy which is

the quantity that determines the phase stability at 0 K. Since

cf. Fig. 6, there is still a barrier of about 9 mRy/atom be-we have calculated the total energy for every transition co-
tween them. At the smallest volume, 60 &.(Fig. 7), which  ordinate(4,6) as a function of the six volumes, an enthalpy
is equivalent to a pressure of 90 GPa for the bcc phase, thmurface can be contructed. Fitting a third order polynomial to
barrier is about 3 mRy/atom which corresponds to a temperahe energy as a function of the volume, we calculate the
ture of 500 K. curvature, i.e., the pressure. Keeping the pressure fixed and

As we study the magnetic moment for lar§and smallé  solving for the energy and volume, we thus obtain the en-
at volume 70 a.d, cf. Fig. 8, where we find states with thalpyH(P). This procedure is repeated for evésys) grid
intermediate magnetic moments of aboutgl Thus, in ad-  point, resulting in
dition to the FM to NM transition we have discussed so far,
we see evidence of magnetic transitions from high-spin to H(P,s8,0)=E(P,6,0)+PV(P,6,0). (5)
low-spin states. It is interesting to describe the changes in the
magnetic moment from a structural point of view, relating Figure 9 shows the enthalpy as a function of the transition
them to the change in coordination number. In the bcc phas@oordinates at 10.3 GPa. At this pressureehthalpybarrier
iron has 8 nearest and 4 next-nearest neighbors and a lar§gtween the two phases is approximately 8 mRy/atom.
moment. When the coordination number changes to approxitudying enthalpy surfaces at higher pressures reveals that
mately 10{.2, a stabilization of a moment of aboup% is room temperature excitations enable_S a transition at 50 GPa.
possible, while 12 nearest neighbors leads to a NM phaséS e€xpected, the enthalpy surface displays a lowering of the
Neighbors within a range of about 5.0-5.1 a.u. can be con-
sidered to be in the first shell, although the distance changes
slightly with volume or extreme shoftong) nearest neigh-
bor distances in some distorted structures. In the next section
we will give a more quantitative description of the magnetic
features discussed here.

We have seen evidence that the martensitic bcc-hcp tran-

sition is a first-order magnetic phase transition in which we =
g2
g
[o]
E o
2
b
E (Ry) I=|
0.265 — %0
=
-0.27
20 -
-0.275 S vol 60 a.u.”
-0.28 ok —~—— o
-0.285 [i !
Ao
-0.29 0 T "y 5 B 5
125.0 107.5 1125 175 1225
1225 Shear angle

04 .
0.05 0

Py FIG. 8. Magnetic moments at three different volumes with vary-
Amplitude'

207 0.08 505 =75 ing shear angle for relative phonon amplitudes: 0.02 (circle),

0.04 (squarg, 0.05(diamond, 0.06(trianglg, 0.08(plus), and 0.10
FIG. 6. As in Fig. 5, forv=70 a.l®. (stap.
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ume of a system under a fixed pressure, which undergoes an
FM to NM transition, shrinks significantly.

e

80 -

VII. ITINERANT-ELECTRON MAGNETISM

75 In the previous section, we discussed the behavior of the

magnetism along the transition path. We saw that structures
near the bcc phase are very stable high-spin states, with mag-
netic moments of approximately 24@—2.2ug, even at very
high pressures. However, for certain distortions a magnetic
transition takes place, involving a rapid drop of the magnetic
moment which, close to the hcp structure, results in a NM
final state. At volume 70 a.l). there is a pronounced low-
spin of approximately 1,0g for large § and smalld. This

FIG. 9. The surface plot of the enthalpy at the pressure 10':y>svljarltla-deflned low-spin state splits up as we increase the pres-

GPa, as a function of the relative phonon amplitude and shear
angle. The coordinates for the bcc and hcp phase (aré
=(0,109.5 and (5,6)=(1/12,120, respectively. The zero point of
the enthalpy scale is set t62546 Ry. The contours are guides to
the eye.

\\\§\\\\

N\

70

65

In this section we wish to perform a detailed analysis of
the FM behavior of iron along the bcce-to-hep transition path
by employing the Stoner theory on our self-consistent band
calculations. This allows us to locate possible FM phases and
find the conditions for their emergence. We define the differ-

barrier between the two phases due to the volume discontfnce between the number of spin-up and the spin-down elec-

nuity. Also importantly, the enthalpy surface plot confirms trons asnp,

that we find the minimum enthalpy path between the bcc

phase and the hcp phase by coupling the phonon with the Mm=Nup™ Nain- @)

shearing of the lattice. In the Stoner theory, the change in energy upon forming an
In calculating the enthalpy surface we also obtained thg-\ state, with a giverm=n,ug, is written ad!

volume as a function of the transition coordinates. Figure 10

shows the volume surface for the pressure 10.3 GPa. We 1 (M Ny 1

observe that for a certain displacemeftt.04<5<0.05 AE(n,,V)= ff fdnr’n— Zl(nm,V)nmz,
agreeing with the position of the magnetic transition, there is 0 D(ny',V)

a sudden drop in the volume, compatible with a first-order ®)
phase transition. where the first term is the kinetic contribution from flipping

~ Reuvisiting the Stoner model discussed in the previous seG, /2 spin-down electrons into the spin-up band and the sec-
tion, we can give a qua“taﬂve eXpIanatlon for this bEhaV|0r.ond term is the exchange energy. The average density of

By assuming a volume-independent Stoner paranieded a  states appearing in the kinetic term is defined as
d-band width that varies inversely with the volume to the 5/3

power?® we get directly from Eq(3) that
=——0, 9
5 o P ef
12D(Eg) " where E (EY is the Fermi level of the spin-updown)
Hence at a magnetic transition whem suddenly drops to band as found from the rigid-subband shift. The Stoner pa-

zero, the magnetic pressure vanishes. Consequently the vé@meterl is often treated as a constant which makes it pos-
sible to calculate the FM contribution to the total energy

using only NM results. The Stoner parameter is then ob-
tained from linear-response thed¥y.However, earlier
work®#! has shown that depends on the volume as well as
the magnetic moment. We investigated this dependence for
the bcc and two distorted structures by extensive FSM cal-
culations. Due to the small energy differences involved,
these calculations were converged to within 0.05 mRy/atom.
As proposed in Ref. 41 we used the FSM results to calculate
AE(ny,,V), which yieldsl as a function oh,,. Minimizing
AE(n,,,V) with respect ton,, yields, apart from the trivial
solution,n,,= 0, the Stoner criterion of a possible FM state,

Pmag¥

D(ny,,V) |(nm,V)+1nm|nr’n(nm,V) =1. (10

FIG. 10. The surface plot of the volume at the pressure 10.3 2

GPa as a function of the relative phonon amplitude and shear angle. o
The coordinates for the bcc and hep phase(a@=(0,109.5 and  If | is independent ofi,, we get the usual Stoner criterion for
(6,0)=(1/12,120, respectively. The volume is in a’latom. ferromagnetisniEq. (4)]. The FM state given by Eq10) is
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FIG. 11. The left hand side of Eq10), LH(m,V), for bcc at FIG. 13. The left hand side of E¢L0), LH(m,V), for the phase
different volumes. with §=0.06 and§=112.5°.

metastable if ¢*/dny,?) AE(ny,,V)>0, which is equivalent  oyr calculations that it is crucial to létvary with m to get
to a negative derivative of the left hand side of Efj0).  the correct low-spin states. These results are in agreement
From Eq.(8), using the fact thaD(0,V)=D(Eg,V), we  with previous studie$!

also obtain an expression fbf0,V), Figure 11 shows the development of the FM state for the
bce structure as the volume is reduced. Because of the

52 smooth monotonic behavior of the curve, the magnetic mo-

(OV)= D(E..V) -2 2AE(nm,V) . (1) ment of the bcc phase will decrease slowly as pressure is

Fe Ny n =0 applied until the magnetic moment reaches approximately

m=1.0ug where the curve flattens out. At this point the

From Eq.(11) we observe that the NM state,,=0, is meta- Magnetic moment of the FM state will decrease more rapidly
stable if1(0,V)D(Eg,V)<1. Note that forn,,=0, the left ~and eventually bcc iron will transform into hcp structure,
hand side of Eq(10) reduces td (0,V)D(Eg,V). according to our conclusions in Sec. V. From the SCSP cal-

Figures 11-13 show the left hand side of E4O), culations we obtained, for the volume 50 &,ua nearly un-
LH(m,V), as a function ofm for the bcc phase, a nearly stable state with magnetic moment of L2k This agrees
hexagonal structure and an intermediate structure for fouvery well with the Stoner analysis.
different volumes ranging from 74 to 66 @&uWe find that Quite a different picture is displayed in Figs. 12 and 13
although the curves are shifted due to the volume change, thghere a more complicated dependencerofllows for an
shape of the curves is not much affectédn,,V) and abrupter development of the FM state as well as the occur-
S(nm,v) also exhibit this behavior, separately. This is im- rence of low-spin states is observed in these structures. The
portant since it makes it possible to predict the emergence afurves in Fig. 12, representing the structu¢é=0.08,
different FM stategstable, unstable, and metastalde pres- #=109.59, show an increasing trend with decreasing mag-

sure is applied to the crystal. Moreover, it was evident fromnetic momentm, which means that a FM state will remain
for moderate pressure. At the volume 74 %ithere are three

; solutions to Eq.(10). A negative derivative am=2.1ug
—— vol66an’ indicates a metastable state, which is identified as the stable

——- vol 70 an.’

vl 72an® ] one because the state is also seen in Fig. 8. The state at
s vol T4’ =1.5ug is unstable since the derivative is positive, and the
O pommmo ------- e N n third solution is a metastable low-spin staterat 1.2up . As
R pressure is slightly increased, the high-spin solution disap-
ST T ] pears and at volume 72 &uhere is only one stable FM
PR N state atm=1.0ug. At the lower volume 70 a.ti.the NM
orr o N \\g\ ] state is metastable siné€0,V)D(Eg,V)<1. However, the
\ v FM state am=0.6up is the stable state as that state was also
71 U, obtained in the SCSP calculations; see Fig. 8.
Y | In Fig. 13 an intermediate structuré£0.06, 6=112.59
\ is shown. The curves tend to decrease for smmallwhich
‘ ‘ ) results in a rapidly disappearing FM state as pressure is ap-
00 Lo m () 20 30 plied. At the volume 74 a.Bwe find a metastable NM state
? and a FM state ah=2.1ug. The latter is stable as it agrees
FIG. 12. The left hand side of Eq. 10, LK(V), for the phase  Wwith the results in Fig. 8. Already at the volume 70 3.uhe
with 5=0.08 and§=109.5°. NM state is the only stable one, as can also be seen in Fig. 8.

LH (m,V)

0.6
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VIll. CONCLUSIONS entropy could contribute to a lowering of the bcc phase rela-

. . o tive to the hcp phase phase, which in turn would increase the
In conclusion, we used first-principles total energy calcu-

lations 1o study the pressure-nduced bee-hep phase trandritical driving force for nucleatioft*~*° Another possibility
s y pre PP 35 that the ground state of the intermediate structures could
tion in iron. The transition path between the two phases

completelv manoed out and described in terms of total eﬁnvolve more complicated magnetic structures, for example,
pletely mapp spin spirales. A lower energignthalpy for the intermediate

ergy (and enthalpyversus two independent coordinates, ON€qiructures would lower the barrier between the phases. In

phonon af.“p".t“d? and one shear: An important result fron?act, we have observed that the antiferromagnetic solution
our investigation is that iron remains stable at low tempera- ives a lower energy than the nonmagnetic and ferromag-

ture.s.agalnst these distortions until the magnetlc ”.‘Ome”t .'getic ones for the intermediate structures at volumes larger
sufficiently suppressed by the pressure. Unlike studies of thl%an 70.3 a.d. However, at volume 70.3 alithe energy

H 1
path from bec to hep in other elemefits*where the phonon barrier is reduced by 1.0 mRy/atom but at higher pressures

ﬁgfr:e;rfoﬁvss EgezﬁﬁLeblghg‘;;er??ﬁ?égPﬂ;ﬁfoéﬂts 52?”2:} Irr:tl the decrease of the barrier lessens. The volume at the top of
' Y SUGNLY. e enthalpybarrier (see Fig. 1D is about 70 a.d, which

Furthermore, we observe several indications that the actual S )
transition is of first-order: latent heat is developed, and therg 'cans that thenthalpybarrier is slightly decreased by al-

is a discontinuous derivative in the total energy versus th(?owmg for antiferromagnetism during the transition from bcc

. ; X %o hcp iron.
phonon amplitude at the point where the magnetism drops. Furthermore, we are able to explain the abrupt changes in

Simultaneously the volume, as a function of the transition . .
y magnetic moment and low-spin occurrences along the tran-

coordinates, displays a similar sudden decrease. Accordinsqtion path by using the Stoner model. The Stoner analysis

to our results bcc iron would remain dynamically stable at ;
) : also supports our observations of the development of mag-

low temperatures with respect to phonon displacements, as_,. ~ . :
fietism in bcc iron under pressure.

well as shear deformations, for all pressures considered in Finally, we conclude that the thermodynamic conditions

th|§ study. The experlmental transition pressure is 10.3 GP or a phase transition from bcc to hep iron will eventually be
which agrees with the calculated pressure where the tw?ulfilled at a sufficient temperature and pressure.

phases have equal enthalpies. At this pressure our enthalpy
surface still shows a pronounced barrier between the two
phases. However, it is not possible to make a direct compari-
son between our calculations and room temperature experi- The authors want to thank G. Grimvall for valuable com-
ments because of the entropy term, included in the free erments on the paper. This work was supported by the Swedish
ergy, which in this case consists not only of a vibrational andesearch foundation SSF. P.B. was supported by the Austrian
an electronic part but also a magnetic part. The magnetiScience Foundation Project No. P10847.
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