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The magnetic and mechanical equations of state and the total energy as functions of both magnet-
ic moment and atomic volume have been self-consistently calculated using the linear muffin-tin or-
bital method within the fixed-spin-moment scheme for all 3d transition metals from Sc to Ni in a
hexagonal structure. At zero pressure, Co and Ni ferromagnetic high-spin phases are found to be
stable. Cr is found to be ferromagnetic with a very small magnetic moment that increases slowly
and gradually with atomic volume. Mn and Fe are predicted to be metamagnetic; however, for Fe a
stable high-spin ferromagnetic phase at rather low negative internal pressure is found. The light 3d
transition metals (Sc, Ti, V) become magnetic only at very large lattice expansions. The electronic
structure, the densities of states, and the total energies are discussed for the phases that may prob-

ably be produced by molecular-beam epitaxy.

I. INTRODUCTION

Molecular-beam epitaxy (MBE) has recently been used
to produce new ferromagnetic materials. Prinz' was able
to obtain ferromagnetic Co in a body-centered cubic
structure and Maurer et al.? have succeeded in growing
hexagonal ferromagnetic Fe. Also recently, an extensive
effort has been undertaken to find theoretically the stabil-
ity conditions of 3d (Refs. 3—-6) and 4d (Ref. 7) magnetic
cubic materials. These studies have used either the Ston-
er model® or the self-consistent electronic structure calcu-
lations in the fixed-spin-moment (FSM) mode.® A su-
periority of the latter approach seems to be indisputable
as far as the accuracy of predictions and the abundance
of outcoming information is involved.> However, the
FSM calculations are computationally rather intensive
and, as a consequence, until now they have remained re-
stricted (with only a few exceptions) to the simplest bcc
and fcc structures. The electronic structure of elemental
hexagonal metals has been in general much less studied,
probably due to a higher complexity of this lattice. No
FSM study exists and the conventional floating-moment
self-consistent calculations are not numerous. The elec-
tronic structure of the hexagonal Co has been studied by
Jarlborg and Peter® with use of the linear muffin-tin orbit-
al (LMTO) method. Recently, a thorough study of the
electronic structure of all elemental metals (up to Cd)
possessing a hexagonal structure in their ground states
has been carried out by Blaha, Schwarz, and Dederichs. '°
Their paper can be consulted for a list of earlier (mostly
not self-consistent) studies of the electronic structure of
hexagonal metals.

In another very recent paper Papaconstantopoulos,
Fry, and Brener!! applied the Stoner theory to investigate
ferromagnetic instabilities of all 3d transition metals in a
hexagonal close packed (hcp) structure. Their calcula-
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tions started from self-consistent nonmagnetic state den-
sities of Sc, Ti, or Co and used the rigid-band model to
calculate the density of states (DOS) at Fermi level for
the remaining 3d transition metals. Combining these re-
sults with the values of Stoner exchange integral I tabu-
lated by Janak!? they predicted a ferromagnetic instabili-
ty for hcp Co and Ni and suspected its existence for hcp
Cr. They found other hcp 3d transition metals to be non-
magnetic. Surprisingly, their calculations gave no indica-
tion of ferromagnetism in hexagonal Fe, although it was
recently discovered in experiment.? This happened be-
cause the analysis presented in Ref. 11 is somewhat in-
complete. Conclusions drawn from the rigid-band ap-
proximation apply to the ground state of a considered
material at some (not well defined) atomic volume that
corresponds to the d-band width of the material the DOS
of which served as input to the rigid-band calculation.
The d-band width is inversely proportional to the fifth
power of the lattice constants, the fact completely
neglected within the rigid-band approximation.
Papaconstantopoulos, Fry, and Brener!' suggested in-
clusion of the Stoner integral volume dependence into
their calculation. Since this dependence is known to be
rather weak,® it is a second-order effect in comparison to
the rigid-band model itself and its inclusion will not
change much, unless the d-band width is scaled accord-
ingly. The authors of Ref. 11 pointed out that a prospect
for new magnetic materials produced by MBE in hcp
phases appears to be excellent. It might be so and we will
support this conclusion in certain cases but it seems to us
that the information provided by the analysis carried out
by Papaconstantopoulos, Fry, and Brener!! is too scarce
in order to discuss the issue. Since every 3d or 4d transi-
tion metal becomes either magnetic or nonmagnetic at
certain atomic volumes,” the statement that a material is
nonmagnetic and another one ferromagnetic is very im-
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precise without taking into account a volume-dependence
of magnetic moment. This dependence and the total en-
ergy and electronic pressure calculated along the stable
branches of the M (V) curve are of primary interest for
experimentalists using the MBE technique. Such data
can be in principle borne out by a Stoner-type analysis
provided that at least the nonmagnetic electronic struc-
ture of a material is calculated self-consistently as a func-
tion of atomic volume.®

In this paper we assume a different strategy. We carry
out the full-scale self-consistent LMTO calculations of all
the quantities mentioned above and some other parame-
ters for the whole series of 3d transition metals from Sc
to Ni assuming a hexagonal structure. Only nonmagnetic
and ferromagnetic phases are considered. The canonical
scaling principle of the LMTO-ASA is employed in order
to calculate the properties of the ferromagnetic phases
within the FSM method. We point out which of the 3d
hexagonal metals have a chance to be grown by MBE in
the ferromagnetic phase and predict their structural and
magnetic properties. For all cases, the bulk moduli and
spin susceptibilities are calculated and reported.

The paper is organized as follows. In Sec. II we outline
the method and details of calculations, in Sec. III we dis-
cuss the self-consistent nonmagnetic results, and in Sec.
IV the FSM results. Section V contains a summary.

II. METHOD

The calculations have been carried out using the well-
known semirelativistic LMTO!*!* method. The correc-
tion terms'* were included. The c /a ratio has been set to
the experimental values for the existing phases (Sc:
1.594, Ti: 1.588, Co: 1.622, and Fe: 1.54%) and to the
ideal hcp value of (£)!/2 for the remaining elements (only
these elements are referred to in the following as the hcp
phases). 468 k points in the irreducible wedge of the Bril-
louin Zone have been used. The results presented below
have been obtained in three steps.

(i) The self-consistent LMTO calculations of the elec-
tronic structure have been carried out for the nonmagnet-
ic phase of every element as a function of atomic volume
J
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(20 to 30 atomic volumes have been considered for every
element). The exchange-correlation potential of Vosko,
Wilk, and Nusair!® has been used.

(ii) The canonical scaling principle in the form includ-
ing hybridization'® has been used in order to obtain for
every volume the electronic structure!’ of ferromagnetic
phases with magnetic moments M#0. The calculations
have been carried out in the FSM mode, i.e., in every cal-
culation the magnetic moment has been constrained to a
predefined value. Note that it is not a rigid band model
or a Stoner-like analysis of a sort used, e.g., in Ref. 6.
The magnetic moment is used in the FSM method® as an
input parameter which, together with the number of
valence electrons, defines the Fermi energies for majority
and minority spins. One starts from the nonmagnetic
spin and state densities; the introduction of a nonzero
magnetic moment changes the Fermi energies for both
spins and hence the DOS moments. These in turn'* allow
us to calculate modified spin densities within the LMTO-
ASA and then a new potential and new potential func-
tions. They are used to scale the DOS again in order to
obtain new moments. The whole procedure can now be
iterated until self-consistency without diagonalization of
the Hamiltonian. The procedure neglects the so called
“differential hybridization,” i.e., a difference in the degree
of hybridization of sp and d bands for various magnetic
moments. Judging from the earlier results'” it is an excel-
lent approximation, at least for elemental solids. More-
over, the procedure is extremely fast and one can easily
afford to calculate the electronic structure for more than
a thousand points in the M-V plane.

(iii) The basic quantities calculated from the FSM pro-
cedure are magnetic and mechanical equations of state
[H(M,V) and p (M, V), respectively] as functions of mag-
netic moment M and atomic volume ¥ (in the figures the
atomic volume V is often replaced by the average
Wigner-Seitz radius Sy ):

H(M,V)=[E}M,V)—EMNM, V)] /2 (1)

and'®

EG
p(M,V)=—3—1V- 33 [ g, (E)S®LE)D,,(E)+! +1][D;,(E)—1]dE
I o

EU
+212f "8, (E)S®L(E)E —v(S)—e*+v>]S%E |, 2)

where g;, is the DOS for angular momentum [/ and spin
o, S is the Wigner-Seitz radius, ®,,(E) is the radial wave
function at S, D, is the logarithm derivative of ®, v (S) is
the Coulomb potential at S, v}°, €)° is the exchange-
correlation potential and energy density, respectively.

The knowledge of these functions suffices for the calcu-
lation of the total energy E(M,V) in two alternative
ways: first, one can write the total energy E(M,V)—E,
in the form of a Landau expansion

N N
EM,V)—E;= 3 3 a,; VMY, 3)
k=0j=0

and then, forming (E —E,)/dM and —3(E —E,)/dV,
carry out a simultaneous least-square fit of H and p. This
procedure gives all the coefficients a;; and hence the
E(V,M). The other way is to integrate the H and p func-
tions:
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E(V,0)—E,=— (v',0)dV’, 4)
) 0 IVOP .

E(V,M)=E(V,0)+ fol HM',VdM', (5)

in the manner of Hellman-Feynman theorem.'® The
latter method gives the possibility of an internal check of
the theory: since we do not invest the information on the
p (M, V) for M0 in the calculations it is not trivial to
calculate p'(M, V)= —03E (M, V)/dV and compare it with
the original p (M, V). Such a check has been carried out
and brought an excellent agreement, as illustrated below
for the hexagonal Fe.

In the following we discuss several quantities like equi-
librium Wigner-Seitz radii, the DOS at Fermi level, the
Stoner exchange integral I, the Stoner product Ig(Eg),
the bulk modulus B,,, the molar spin susceptibility Y,
and the susceptibility enhancement factor x /x, (x,-Pauli
paramagnetic spin susceptibility). Several remarks seem
to be necessary concerning the way these quantities have
been calculated. Since we use a different exchange-
correlation potential, the values of the Stoner integrals 1
have not been taken from the paper of Janak'? but calcu-
lated for the equilibrium lattice constants from the FSM
procedure using the expression

I=(C}—CJ—2uzH)/M , (6)

where Cj' are the mass centers of the majority and
minority d bands (in general, I calculated in this way al-
most does not depend on M and is close to the values re-
ported by Janak'?). The total DOS g (Ey) is given in (Ry
cell)”!, but the one used in the calculation of Stoner
product is in (Ryat.spin)”!. The molar susceptibility
X =dM /dH has been calculated self-consistently from the
FSM procedure uniformly for M=0.1 pp per atom. The
susceptibility enhancement factor has been calculated
from x/xo,=(dM /dH)/u%g (Ep), where g(Ep) is DOS
in (Ryat.)”! (Ref. 20). We used also the perturbative for-
mula'?

X/Xo=[1—Ig(Ep)]™" 7)

and compared the results. The bulk moduli and the equi-
librium lattice constants have been obtained by fitting the
mechanical equation of state p(V;M) by the Mur-
naghan?! expression:
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This appears to be a very stable procedure which gives
the x? per point smaller than 1 kbar. Usually we have
used 12 points around Sy to fit p (V). As a result, one
obtains the atomic volume ¥, the bulk modulus at con-
stant moment B,,, and the b parameter which describes
the linear dependence of the bulk modulus on pressure:
By (p)=By(p =0)+bp (V). For the nonmagnetic phases
B,, =B, is a measurable quantity, for the ferromagnetic
phases one should actually calculate the bulk modulus at
constant field B, =B, /n, where 7-magnetovolume
enhancement factor?’ which is usually of the order of
1-1.1. We estimate that the numerical error in finding
the bulk modulus is not larger than 2-3 %.

By,
VM)=——-
p(V;M) b

Vo

|4

III. SELF-CONSISTENT RESULTS
FOR NONMAGNETIC PHASES

First, we wish to discuss the results of the self-
consistent nonspin-polarized calculations. They are sum-
marized in Table I and in Figs. 1 and 2. In Table I the
equilibrium Wigner-Seitz radii, DOS at Fermi level, and
the Stoner product are listed. In Figs. 1 and 2 the non-
magnetic state densities at equilibrium lattice constants
are displayed. The energy scales have been shifted so
that the Fermi energy falls at zero. A migration of the
Fermi level through the multipeaked second maximum,
the structureless valley above it and into the high and
steep leading peak may be clearly observed. We note the
following: the light transition metals Sc, Ti, and V fail
the Stoner test and are nonmagnetic in the ground state.
Nevertheless, Sc and V can be viewed as enhanced
paramagnets, as opposed to Ti. Cr meets the Stoner cri-
terion due to the fact that its Fermi energy falls exactly at
the maximum of the central peak. Mn and Fe fail the
Stoner test and are predicted to be nonmagnetic. Co and
Ni fulfill the Stoner test and one expects a ferromagnetic
instability to occur. Up to this point, our conclusions
agree with those of Papaconstantopoulos, Fry, and
Brener'! and confirm their observation of the unusually
high DOS at the Fermi level for the hcp Ni. Knowing
the position of the Fermi energy with respect to the main
features of the DOS curves we can, following the rules

TABLE I. Self-consistently calculated equilibrium Wigner-Seitz radii Sws (a.u.), density of states at
Fermi level g(E;) [(Rycell) '], Stoner exchange integrals I (mRy), Stoner product Ig(Ey) (g(Ef)-
DOS in [(Ry atom spin )~ '], spin susceptibility y (emu/mole), and susceptibility enhancement Y /X,.
X/Xo has been calculated from the FSM procedure as (0M /0H)u3g (Er) for M=0.1 p,.

Element Sws g(Ey) I Ig(Eg) X X/Xo
Sc 3.393 54.9 50 0.69 1.8x10°4 2.75
Ti 3.042 244 47 0.30 5.5X1073 1.9
v 2.827 51.7 53 0.68 2.3Xx107¢ 3.75
Cr 2.670 74.1 60 1.11 <0 —4.5
Mn 2.588 31.8 60 0.48 1.1x10™* 2.9
Fe 2.540 34.5 64 0.55 1.6x107* 3.95
Co 2.538 63.4 72 1.14 <0 —7.6
Ni 2.565 147.8 79 2.92 <0 —0.8
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drawn by Moruzzi and Marcus’ from the Stoner-like
analysis of their self-consistent results for the bcc metals,
explicate some predictions concerning the behavior of the
3d hexagonal phases upon the lattice expansion/
compression. For Ti, with its Fermi level positioned left
to the major peak of the DOS, a first-order transition of
the type II is predicted. For Sc and V the Fermi levels
fall within the third and second peaks, respectively. For
these we expect second-order transitions of a type rather
difficult to foresee, especially for V. Cr with its Fermi
level at a local DOS maximum is a clear candidate for a
second-order type-/ transition. Since the Fermi levels for
Mn and Fe are pinned in a deep DOS valley, first-order
type-II transitions are expected. Finally, for Co and Ni
one would expect second-order transitions probably of
the type I. It should be noted the predictions for the hex-
agonal phases are in variance with those for the bcc ones’
for Cr, Mn, and Fe: the bcc phases are expected to be
nonmagnetic, low-spin, and ferromagnetic, respectively,
whereas the predictions for the hexagonal phase are fer-
romagnetic (presumably with a low moment) for Cr and
nonmagnetic for both Mn and Fe.

We have found that the number of sp electrons per
atom for all elements amounts to 1.5+ 0.1, in agreement
with the general trends observed earlier.?* This implies
that the extra electrons added with growing atomic num-
ber are mainly of d character throughout the series.
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FIG. 1. DOS curves for nonmagnetic hexagonal phases of Sc,
Ti, V, and Cr calculated at the equilibrium lattice constants (see
Table I). Fermi level is placed at zero of the energy scale.
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However, they do not screen completely the increasing
nuclear charge. The mass center of the d bands is con-
tinuously lowering with increasing Z and the d-band
width is decreasing dramatically at the end of the series.
This effect leads to a very large DOS for hcp Ni, as re-
ported by Papaconstantopoulos, Fry, and Brener.!! The
very same trend transforms the free-electron-like d bands
of the early 4d transition metals into the semicore states
at the end of the series.?*

As we have mentioned, the calculated spin susceptibili-
ties reported in Table I are based not on the perturbative
formula (7) but on the self-consistent calculation of
dM /dH. Moruzzi and Marcus’ used the same procedure
in order to calculate the susceptibilities for Rh and Pd.
They found quite a good agreement with the data calcu-
lated according to Eq. (7). In some cases we also find
such an agreement, in other cases however our self-
consistent values differ by as much as 80%. We were not
able to find any distinct pattern here. Our general experi-
ence with using Eq. (7) to find the critical Syg values (the
values at which the different magnetic phases show up or
terminate) is that they are usually somewhat smaller than
the values calculated self-consistently from the FSM
method.
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FIG. 2. DOS curves for nonmagnetic hexagonal phases of
Mn, Fe, Co, and Ni calculated at the equilibrium lattice con-
stants (see Table I). Fermi level is placed at zero of the energy
scale.
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TABLE II. Ground states, bulk moduli at constant magnetic moment B,, (Mbar), equilibrium (col.
2), and critical (col. 5) Sws values (a.u.), and transition type according to classification of Moruzzi,
Marcus, and Pattnaik (Ref. 4) for hexagonal 3d transition metals.

Element Sws Ground state By Critical Swsg Transition type
Sc 3.39 NM 0.67 4.15 I
Ti 3.04 NM 1.37 3.78, 4.03 I
A 2.83 NM 2.06 3.08 I
Cr 2.67 FM 2.77 2.67 1
Mn 2.59 NM 3.27 2.84, 3.04 I
Fe 2.54 NM 3.43 2.66, 2.85 I
Co 2.57 FM 2.80 2.33 I
Ni 2.57 FM 2.46 2.05 I

IV. SPIN-POLARIZED CALCULATIONS

The spin-polarized calculations have been carried out
using both the FSM scheme and canonical scaling princi-
ple, as described in Sec. II. Following our computational
strategy and keeping in mind the main goal of this study
we illustrate our results mainly with the plots of the mag-
netic field H(M;V) and electronic pressure p(M;V).
The H(M;V) plots show the variation of the magnetic
field H (M) calculated from Eq. (1) for different lattice
spacings. Such plots have been used by Shimizu® in his
discussion of the metamagnetic behavior. The stable
solutions are represented by H=0 points with
0H /dM > 0. For M=0 a negative slope of the H (M) im-
plies a ferromagnetic instability. We use in our discus-
sion the H (M) curves in place of frequently used N(M)
curves.?®3~7 The p(M;V) curves are less interesting,
following to the first order the quadratic dependence on
the magnetic moment,>* and will not be explicitly shown.
Instead we chose an alternative way of displaying the
crucial information using the combined p(M,V) and
H(M,V) contour plots. The H=0 and p=0 contours
have a special significance, the former being equivalent to
the M (V) curve. An intersection of the zero-pressure
and zero-field contours gives the ground state of the sys-
tem. For the cases of special interest the total energy will
be discussed. All important numerical data are collected
in Table II.

A. Hexagonal Sc, Ti, and hcp V

Of the light transition metals, Sc and Ti crystalize in a
hexagonal structure. Their electronic structure has been
recently studied by Blaha, Schwarz, and Dederichs. !
Our results for the equilibrium lattice constant agree very
well (Fig. 1). We extend the study of the electronic struc-
ture of Sc and Ti to the investigation of the onset of
magnetism. The case of Sc is least interesting in this con-
text and we refer to it here only for the sake of complete-
ness. Sc shows the second-order type I onset of magne-
tism at Syg=4.15 a.u., as compared to the calculated
and experimental?® equilibrium Sy, values of 3.39 and
3.43 a.u., respectively. The bulk modulus of the hexago-
nal phase is very small, similarly as for the case of bcc
Sc.®> While the transition types are the same for hexago-
nal and bce Sc,? the critical Syg value for the hexagonal
phase is much higher (4.15 a.u. as compared to 3.65 a.u.

for the bcc phase).

The results for Ti are shown in Figs. 3 and 4. Figure 3
shows the H (M) curves for different atomic volumes.
Their shape indicates a metamagnetic behavior: with a
growing atomic volume, the H=0 solution for a finite M
shows up before a positive slope at M =0 disappears. The
onset of magnetism is therefore of the first order and type
II. This is better illustrated by the contour plot of
p(M,V) and H(M,V) (Fig. 4). The ground state of hex-
agonal Ti is nonmagnetic with Syg=3.04 a.u. in surpris-
ingly good agreement with the experimental value of 3.05
a.u. The nonmagnetic phase is stable up to Syg=4.03
a.u. and the ferromagnetic phase from Syg=3.78 a.u. up-
ward. This is of course of rather academic interest. The
expansion of atomic volume requested for stabilization of
the ferromagnetic phase is so large that the system would
start to lose its cohesion first. As illustrated in Fig. 4 this
might lead to a rather peculiar situation: the system
would require a larger negative internal pressure for the
state with a smaller volume and lower magnetic moment
than for the one with a larger volume and larger moment.
Comparing the hexagonal and bcc phases we note as for
Sc an extended range of the nonmagnetic phase stability
and transition of the type I rather than of the type I.°

40
1 Sws:1-3.28 a.u
~ i35
£ 301 4-3.64
S 5-3.76
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hod
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= 0
\/Ti hex
-10+ v T T T

Magnetic moment (us/atom)

FIG. 3. Magnetic equations of state H (M) of hexagonal Ti
for several atomic volumes. The curves on this and all subse-
quent figures of this kind are numbered starting from the upper
one.
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Magnetic moment (ug/atom)

FIG. 4. The contour plot of magnetic and mechanical equa-
tions of state for hexagonal Ti. The field contours are plotted
every 2 mRy/u g and the pressure contours every 50 kbar. The
H=0 [M (V)] contour is plotted as a solid line in the accessible
range and as a dashed line in the inaccessible range. The
ground state is nonmagnetic with Syws=3.04 a.u.

For hep V we show only the contour plot of p and H.
The ground state of this element is nonmagnetic with
Sws=2.827 a.u. The onset of magnetism seems to be of
the second order and type I and the critical Syg value is
3.08 a.u. The initial increase of the magnetic moment is
so steep that we cannot definitely exclude a very narrow
range of the coexistence of nonmagnetic and ferromag-
netic phases. This is however of no practical importance.
The H=0 contour (Fig. 5) shows a rather complicated
M (V) dependence without a sign of saturation for the
considered volumes. The negative internal pressure re-
quired to stabilize a magnetic solution is approximately
—300 kbar. We note again the important differences be-
tween hexagonal and bcc phases. The complicated type-
III transition® for bee V is replaced by a simple type-I
transition. In general, as will be seen below, all the hex-
agonal elements except Co and Ni show qualitatively
different magnetic behavior in hexagonal and bcc struc-
tures.

Magnetic moment (us/atom)

97 29 31 33 35
Sws (0.1 a.u.)

FIG. 5. The contour plot of magnetic and mechanical equa-
tions of state for hcp V. Field contours are plotted every 2
mRy/up. For pressure, only —100, 0, and 100 kbar contours
are shown. The ground state is nonmagnetic with Sys=2.83
a.u.
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B. hcp Cr

The hcp phase of chromium appears to be a special
case. One can see from the data in Table I that the Ston-
er criterion is fulfilled. The Fermi level for the nonmag-
netic phase is positioned just at the central peak. The
H (M) curves (Fig. 6) show a smooth onset of magnetism
with the moment slowly increasing with atomic volume.
From the contour plot of H(M,V) and p (M, V) (Fig. 7)
one notices that the ground state of hcp Cr is ferromag-
netic with the moment of ~0.12 up per atom and
Sws=2.67 a.u. It appears therefore possible to produce a
ferromagnetic hcp Cr at zero internal pressure. It should
be noted that the equilibrium and the critical Sy values
for Cr almost coincide. Hence, the substrates forcing a
smaller lattice spacing would quench the moment almost
immediately, but these with a larger lattice spacing would
increase it only marginally. In any case, an eventual suc-
cessful epitaxial growth of hcp Cr might produce a weak
itinerant ferromagnetism of the sort encountered hitherto
only for compounds like ZrZn,, Sc;In, or TcBe, ,Cu,
containing the elements never known to exhibit a local-
moment paramagnetism—a conclusion quite surprising
for an element with the half-filled shell. It remains how-
ever a question whether an antiferromagnetic spin ar-
rangement would not possess a lower total energy.

C. hcp Mn and hexagonal Fe

These two elements have both their Fermi levels posi-
tioned in the valley between the leading and the second
peak of DOS and they both fail the Stoner test. Never-
theless, whereas the magnetic hcp Mn phase is not likely
to be grown, the hexgaonal Fe constitutes a very interest-
ing case. Beginning with Mn, the p (M, V) and H (M, V)
contour plots are shown on Fig. 8. The ground state is
nonmagnetic with Sywg=2.59 a.u. The H=0 contour
shows the metamagnetic behavior at rather large lattice
expansions. The range of the nonmagnetic and the fer-
romagnetic phase coexistence is quite large (2.85-3.01
a.u.) but the pressure required to reach the magnetic solu-

354

254

154

Magnetic fleld (mRy/us)

0 ' 1
Magnetic moment (uy/atom)

N4

FIG. 6. Magnetic equations of state H (M) of hcp Cr for
several atomic volumes.
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Cr hex

—y

Magnetic moment (us/atom)
N
o\
9
\.\\

AN
Nl

FURUE T 5 N0 T U VA0 W UG W S UG W S U A W U S U O

2

N-)
a’v—

29

~

Sws (0.1 a.u.)

FIG. 7. The contour plot of magnetic and mechanical equa-
tions of state for hcp Cr. Field contours are plotted every 1
mRy/ug. For pressure, only —100, 0, and 100 kbar contours
are shown. The ground state is ferromagnetic with Syg=2.67
a.u. and M=0.12 uz. Note a small and slowly increasing mag-
netic moment.

tion is rather high and amounts to — 150 kbar. The ener-
gy difference between the nonmagnetic and ferromagnetic
phases is ~61 mRy. This is somewhat more than the 50
mRy reported by Moruzzi, Marcus, and Kiibler?’ for fcc
Mn. In this paper the authors also discuss the antiferro-
magnetic (AF) solutions for Fe and Mn. They have
shown that for fcc Fe and Mn the onset of the AF phase
coincides with the zero-pressure Syg. The total energy
E (M) for the AF order may possess minima for M0
but E (V) calculated along the stable AF branch is a
monotonic function of atomic volume. This implies that
although for both fcc Mn and Fe the AF solution has to-
tal energy lower than for the nonmagnetic case, there is
no equilibrium solution (p=0) except for M=0. The
pressure need not be zero for systems epitaxially clamped
at volumes larger than equilibrium but it is obvious that
clamping can be successful only for a moderate pressure
and hence for small magnetic moments. We suppose that
the essential features of the AF phases as calculated by
Moruzzi, Marcus, and Kibler?’ for fcc Fe and Mn

>

N (7]

Magnetic moment (ug/atom)

%5 26 27 28 29 30 31
Sws (0.1 a.u.)

FIG. 8. The contour plot of magnetic and mechanical equa-
tions of state for hcp Mn. Field contours are plotted every 4
mRy/ug. For pressure, only —100, 0, and 100 kbar contours
are shown. The ground state is nonmagnetic with Sws=2.59
a.u.

remain unchanged also for hexagonal phases. In such a
case one might hope to obtair an AF phase of hcp Mn
for the atomic volumes slightly larger than nonmagnetic
equilibrium. For Cr the situation seems to be much more
complicated due to the presence of ferromagnetic
minimum at the onset and no trustworthy prediction con-
cerning the AF phase can be made without explicit calcu-
lations.

As mentioned in the Introduction, the ferromagnetic
hexagonal phase of Fe has recently been manufactured by
Maurer et al.? Using classical technologies, the hexago-
nal Fe can only be obtained under a high pressure. The
epitaxial growth, however, produces the e-Fe with a rath-
er large atomic volume which corresponds to the
Wigner-Seitz radius of approximately 2.696 a.u. when ex-
trapolated to a substrate-free € phase. Maurer et al.’
found that for more than four monolayers of the € phase
grown on the Ru substrate the material is ferromagneti-
cally ordered with Fe atoms carrying a moment of ap-
proximately 2 pg. Such a moment compares surprisingly
well with the equilibrium bcc Fe moment rather than
with the fcc one at such a large atomic volume, despite
the fact that the NN environment is the same in the fcc
and hcp phases. This might suggest that the well-
studied®~*2® fcc phase of Fe should not be used as a
reference point when considering properties of the hexag-
onal phase.

We start the presentation of results for hexagonal Fe
from the binding surface E (M, V) (Fig. 9). It is topologi-
cally very similar to the binding surface of the fcc Fe cal-
culated by Moruzzi, Marcus, and Kiibler.® The
minimum of E (M, V) at M=0 and Syg=2.54 a.u. clearly
indicates a nonmagnetic ground state at nearly the same
volume as for the fcc phase.® A characteristic “trough”
at Syg=2.65 a.u. and M =2 p, is also there but, surpris-
ingly, at the energy per atom almost twice as large as for
the fcc phase.® This energy difference appears to be quite
sensitive to the ¢ /a ratio, growing when the c /a ratio de-
creases. The magnetic equation of state is shown in Fig.
10 for several atomic volumes varying by almost 20%.
The curves are quite unusual: a positive slope at M=0
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FIG. 9. Binding surface E (M,Sws) (in mRy) for the hexago-
nal Fe with ¢ /a=1.54.
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FIG. 10. Magnetic equation of state H (M) of hexagonal Fe
calculated for several lattice constants.

extends up to Syg=2.85 a.u. implying a film stability of
the nonmagnetic phase at volume expansions as large as
20% of the equilibrium value. At the same time, howev-
er, already the H (M) curve for Sys=2.66 a.u. exhibits a
metastable ferromagnetic phase with a moment of 2.42
up per atom. Figure 11 shows the contour plot of the
magnetic and mechanical equations of state. The
nonmagnetic-ferromagnetic transition is similar to that
found by Moruzzi, Marcus, and Kiibler? for fcc Co but
the range of a simultaneous stability of nonmagnetic and
ferromagnetic phases is extremely large for hexagonal Fe
and extends from Syg=2.65 a.u. to Sys=2.85 a.u. The
behavior of the fcc and hexgonal phases of iron is quite
different—the low-spin of the fcc Fe phase is absent for
the € phase and the metastability range is very large in
the later case (in the fcc case it covers a small range of
2.66-2.685 a.u.). Figure 11 indicates also that the
metamagnetic extension of the HS phase is possible down
to and even below 2.5 a.u. The extremely large range of
stability of the nonmagnetic phase of the hexagonal Fe is
probably a reason why the solid solution Ru,Fe,_,
remains nonmagnetic in the whole range of stable concen-
trations. ?

An origin of such a behavior of the hexagonal Fe can
be easily traced back to the DOS shape. As seen in Fig. 2
for the hexagonal phase the Fermi level is positioned well
within a broad, almost structureless plateau between two
large maxima, whereas in the fcc case?® it is placed at a
slope of a smaller maximum. For the fcc phase this max-
imum in the minority spins DOS is placed above the Fer-
mi energy for the high-spin and below it for the low-spin
phase [see Fig. 2(a) in Ref. 28]. For the hexagonal phase,
a lack of any additional structure in DOS between first
two main peaks makes an appearance of a low-spin phase
impossible.

The high-moment part of the M (V) curve begins at
Sws =2.65 a.u. with the moment of ~2.4 up. The M (V)
curve is almost linear in this range with d (InM)/dp equal
to —4.7X10™* kbar~!. The calculated magnetic mo-
ment at the onset of the high-spin phase is already larger
than the reported one.? The value at Sywg=2.72 a.u.,
corresponding to the atomic volume 12.5 A3, is even
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FIG. 11. Contours of the magnetic field H (M, V) in mRy/ug
for hexagonal Fe. Superimposed are contour lines of the
p (M, V) function, separated by 100 kbars. The proximity of the
p=0 and H=0 lines at Sys=2.66 a.u. should be noted. The
p (M, V) contours are given here by solid and dashed lines. The
solid lines represent the original p (M, V) function, the dashed
ones the p'(M, V) function calculated by differentiation of the
total energy surface calculated from Egs. (4) and (5). The devia-
tions at the upper edge are mainly due to the errors in numeri-
cal differentiation procedure.

larger and equals 2.56 ug. Therefore, the observation of
a relatively small moment in the hexagonal Fe cannot be
explained. The calculated moment of the hexagonal
phase is even larger then that expected for the fcc one at
a comparable atomic volume. Figure 12 shows the fer-
romagnetic DOS at the experimentally observed volume.
It is a DOS of a typical strong ferromagnet, with no holes
in the majority spin band and also the calculated value of
d(InM)/9p is typical for strong ferromagnets. It seems
that in order to explain the observed value of the magnet-
ic moment the electronic structure calculations for thin
film geometry might be necessary.

Failing, as they do, to explain the value of the magnetic
moment of the hexgaonal Fe films, our calculations are
more successful in the explanation of the very existence
of the ferromagnetic state. The total energy curve (Fig.
13) plotted as a function of magnetic moment for
Sws=2.72 a.u. has a local minimum for a high moment.
The energy at the local minimum is only marginally
higher than at the minimum for M=0 and an increase of
Sws by a fraction of percent reverses the situation. Fig-
ure 13 shows also the total energy calculated along the
M (V) curves (i.e., for zero magnetic field) for nonmagnet-
ic and ferromagnetic phases. The calculated total energy
of the ferromagnetic phase becomes lower than that of
the nonmagnetic one at Syg==2.72 a.u. Moreover, the
slope of the E (Syg) curve for the ferromagnetic phase is
small at this point, implying a rather low negative inter-
nal pressure. This aspect is also illustrated in Fig. 11
where the H=0 and p=0 contours almost touch. The
actual pressure calculated at Syg=2.72 a.u. equals
— 140 kbar; taking however into account the usual
~1.5% overbinding, typical for all LSDA calculations,
we estimate the strain of the e-Fe layers epitaxially grown
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FIG. 12. Ferromagnetic DOS curves for the hexagonal Fe for Sws=2.72 a.u. s, p, and d contributions are indicated.

on Ru substrate for approximately — 70 kbar.

For Fe one should in principle also consider the AF
phase. Under the assumptions discussed for Mn, a F-AF
transition for Fe at S\yg=2.72 a.u. would end up in a des-
tabilizing high-pressure situation. We believe, however,
that also for hexagonal Fe one cannot exclude a small-
moment AF phase at atomic volumes slightly larger than
nonmagnetic equilibrium.

Magnetic moment (pg /atom)

Energy (mRy)

FIG. 13. Total energy for hexagonal Fe calculated along the
M (V) curve, i.e., at zero magnetic field (solid lines) and total en-
ergy as a function of magnetic moment for Sws=2.72 a.u.
(dashed curve).

D. Hexagonal Co and hcp Ni

The native form of Co is a hexagonal structure. The
experimental values for the lattice constant a and for ¢ /a
ratio are?® 2.51 A and 1.622, respectively, and the mag-
netic moment equals to 1.6 pp.?° These values of a and
¢ /a correspond to S{s=2.604 a.u. In Fig. 2 one can see
that the Fermi level falls left to the leading peak. The
contour plot of H and p (Fig. 14) indicates the ferromag-
netic ground state with Syg=2.568 a.u. and M=1.55 up.
These values are in fair agreement with experiment. The
calculated Sg is much closer to the experiment than the
value reported by Jarlborg and Peter,’ probably due to
the different exchange-correlation potential used in this
study. The M (V) curve shows that the onset of magne-
tism is of the second order and first type. The magnetiza-
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FIG. 14. The contour plot of magnetic and mechanical equa-
tions of state for hexagonal Co. Field contours are plotted
every 2 mRy/ug. For pressure, only —100, 0, and 100 kbar
contours are shown. The ground state is ferromagnetic with
Sws=2.57 a.u.and M=1.55 pp.
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tion curve changes its slope at 1.4 ug, i.e., after the ma-
terial undergoes the transition from a weak to strong fer-
romagnetism. In Fig. 15 we show the binding surface for
the hexagonal Co. This result supplements the results of
Moruzzi et al.’® who calculated the binding surfaces for
fcc and bee phases of Co. The hexagonal surface has the
saddle point approximately 9 mRy above the ferromag-
netic minimum. This is less than one-half of the bcc
value and 50% more as the fcc difference.® A trend in
going from the fcc to the hexagonal phase is the same as
for Fe and Mn.

The DOS for the ferromagnetic phase is very similar to
the DOS calculated in Ref. 9 and will not be discussed
here.

The last element considered in this paper is hcp Ni. As
already noted by Papaconstantopoulos, Fry, and
Brener,!' it has an extremely large DOS at Fermi level
(Fig. 2) and represents a case of strong ferromagnetism.
This very large value is caused not only by the Fermi lev-
el falling exactly at the maximum of the leading peak but
also by a relatively small band width, as discussed in Sec.
III. The H (M) curves (not shown) depend weekly on the
atomic volume around the equilibrium value. The con-
tour plot (Fig. 16) indicates the global equilibrium point
at Swg=2.567 a.u. and M=0.59 up. The self-consistent
calculations carried out by Papaconstantopoulos, Fry,
and Brener!! for Sys=2.59 a.u. gave a huge moment of
0.76 pp. We cannot confirm this value. As for every
strong ferromagnet the M (V) curve has a rather small
slope and according to our calculations an enormous lat-
tice expansion would be needed to reach such a large mo-
ment. For Fe and Co we did not observe any substantial
increase of the moment in going from the fcc to the hex-
agonal phase either. Since the different exchange-
correlation potential can hardly account for the reported
difference, we do not understand the value of the magnet-
ic moment reported in Ref. 11. We suspect that it is an
artifact caused by a small number of k points used in the
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FIG. 15. Binding surface E(M,Sws) (in mRy) for the hexag-
onal Co with ¢ /a=1.622. Contours are plotted every 2 mRy.
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FIG. 16. The contour plot of magnetic and mechanical equa-
tions of state for hcp Ni. Field contours are plotted every 1
mRy/ug. For pressure, only —100, O, and 100 kbar contours
are shown. The ground state is ferromagnetic with Sys=2.57
a.u. and M=0.59 up.

self-consistent APW calculations and/or by the tight-
binding interpolation scheme.

A characteristic feature of the hcp Ni is a minimal
spontaneous volume magnetostriction. This has been ob-
served already for other phases of Ni.® The energy
difference between the ferromagnetic minimum and the
nonmagnetic saddle point is 2.2 mRy. The calculated
equilibrium Wigner-Seitz radius is close to the fcc value
and the range of stability of the ferromagnetic phase is
very large. Hence, the hcp phase of Ni, if epitaxially
grown, will surely be strongly ferromagnetic.

V. SUMMARY

We have calculated self-consistently the electronic
structure and ground-state properties of all 3d metals in
the hexagonal phase. The FSM method has been used in
order to calculate the magnetic and mechanical equations
of state and the total energy as a function of both mag-
netic moment and atomic volume. Although we do not
consider any thin film geometry, we believe to have for-
mulated the guidelines for MBE engineers. Accordingly,
we suggest the following.

(i) The hexagonal phases of the light transition metals
(Sc, Ti, V) and Mn are not likely to become ferromagnet-
ic.

(ii) Cr is expected to be weekly ferromagnetic for any
Sws>2.67 a.u.

(iii) Fe is expected to be ferromagnetic at considerable
lattice expansion but at low internal pressure. These
findings have already been confirmed experimentally.2
Hoever, the theory predicts a higher magnetic moment
than that found experimentally.

(iv) For Co, the calculations gave ground-state proper-
ties in good agreement with experiment. The binding
surface was calculated for the first time.
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(v) hep Ni is expected to be strongly ferromagnetic if
grown on almost any substrate. We predict the magnetic
moment comparable to the fcc moment.

(vi) For Mn, Fe, and Cr one cannot exclude a possibili-
ty of an AF spin ordering. For Cr we venture no predic-
tion without explicit calculations. Taking into account
the results of Ref. 27, we believe that for Mn and Fe only
AF phases with small magnetic moments and a lattice
spacing slightly larger than nonmagnetic equilibrium
might be possible.

For all systems, the bulk moduli and the spin suscepti-
bilities have been calculated as well as the art and condi-
tions of the magnetic transitions discussed. A general be-
havior of the hexagonal phases seems to be simpler than
that observed for the bce or fcc phases. For hexagonal
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phases only I and II type transitions have been identified
and no low-spin phases have been found.
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