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First-principles total-energy band theory is used to study the onset and the large-volume limit of
magnetic behavior for the 3d transition metals constrained to the bcc crystal structure. It is found
that all 3d transition metals from Sc to Ni undergo second-order, first-order, or composite second-
and first-order transitions from nonmagnetic to magnetic behavior with increasing volume. An ap-
proximate Stoner analysis is used to interpret the structure of the transitions. As a function of
volume, calculated magnetic moments generally increase and tend toward the free-atom limit in the
local-spin-density approximation, and are consistent with Hund’s rule. Calculated d-band widths
vary as r ~° over a wide range of volumes, in agreement with Heine’s theoretical results.

I. INTRODUCTION

We have previously shown that transition metals ex-
hibit a range of magnetic properties when examined as a
function of volume. Normally magnetic transition metals
can be rendered nonmagnetic at compressed volumes and
normally nonmagnetic transition metals can be rendered
ferromagnetic at expanded volumes. It is expected that
all transition metals must undergo transitions from non-
magnetic to magnetic behavior as the volume is in-
creased, and, in the limit of large volumes, the magnetic
moment must approach a value consistent with Hund’s
rule and the free-atom ground-state configuration. Self-
consistent energy-band calculations demonstrate that
these magnetic transitions are characterized by calculat-
ed magnetic moments which exhibit singular’? behavior
at well-defined critical values of volume. Different types
of magnetic behavior, classified as nonmagnetic (NM),
low-spin (LS), or high-spin (HS), and different transition
types, classified as type I, type II, type III, etc. depending
on the number (one, two, three, etc.) of critical points
displayed, have been found. These transitions, in turn,
are identified as second-order (type 1), first-order (type II),
and composite second-order and first-order (type 111, etc.)
transitions, depending upon the details of calculated total
energy versus volume curves.

In previous work,>* we have shown that bec V, Cr,
Mn, and Fe undergo type-III, -1II, -III, and -I magnetic
transitions, respectively, at certain critical volumes. The
present work is an extension of this earlier work and in-
cludes the light transition metals Sc and Ti, and the
heavy transition metals Co and Ni; thereby completing
the series from Sc to Ni. In the present. work, we show
that all 3d transition metals exhibit magnetic properties
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and also study the approach to the free-atom limit. We
restrict ourselves to the 3d series constrained to the bcc
structure, and consider only nonmagnetic or ferromag-
netic (parallel-spin-moment) states. In the large-volume
limit, these structural and magnetic constraints become
increasingly less important and the system attains the
free-atom character.

Our work is based on self-consistent parameter-free
total-energy band calculations and utilizes the
augmented-spherical-wave method® and the fixed-spin-
moment procedure® to calculate the magnetic moment,
M, as a function of volume, ¥, or equivalently, as a func-
tion of the Wigner-Seitz radius, ryg, where V:%n’r%vs.
The local-spin-density approximation (LSD) is used for
exchange and correlation. This approximation is expect-
ed to be more valid for condensed systems than for inho-
mogeneous systems like free atoms.

Our present work can be divided into two parts. In
Sec. II, we study the onset of magnetic behavior. We
present new results for the volume dependence of the
magnetic moment and the total energies for Sc, Ti, Co,
and Ni, and review our published results for V, Cr, Mn,
and Fe. We also use an approximate Stoner analysis to
interpret the structure of the magnetic transitions, and
show that three types of density-of-states (DOS) curves
can explain the three types of transitions found for the
series. In Sec. III, we study the large-volume limiting be-
havior of the magnetic moment and show that the mo-
ment approaches the free-atom limit dictated by Hund’s
rule and the ground-state atomic configuration.

II. ONSET OF MAGNETISM

Calculated magnetic moments and total energies for
the light transition metals Sc and Ti are shown in Figs. 1
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FIG: 1. Calculated magnetic moment and total energy as a
function of rysg for bee Sc, showing a type-1 second-order transi-
tion from a nonmagnetic (NM) to a ferromagnetic (FM) state.

and 2, respectively. Although these metals, which are ac-
tually hexagonal, are not normally considered to be mag-
netic, we see that they undergo second-order transitions
from nonmagnetic to magnetic behavior at critical
volumes slightly larger than the indicated equilibrium
volumes. We note that the Hund’s-rule free-atom mo-
ments for the experimental ground-state configurations
(lup and 2up, respectively for these two systems) are ex-
ceeded. The bulk moduli, B, obtained from the curva-
tures of the energy versus ryg curves, commonly called
binding curves, are 530 and 1000 kbar, respectively.

The moments and total energies for V, Cr, Mn, and Fe
are given in Ref. 3. V and Mn undergo composite
second-order and first-order transitions, Cr undergoes a
first-order transition, and Fe undergoes a second-order
transition similar to Sc and Ti. The first-order transition
for Cr is at expanded volumes, while the second-order
transition for Fe is at compressed volumes.

Our results for Co and Ni are shown in Figs. 3 and 4,
respectively. Co, which is normally magnetic, is nonmag-
netic at compressed volumes where a second-order transi-
tion occurs. For Ni, we find a second-order transition
near the equilibrium volume. The calculated bulk moduli
are 2300 and 2100 kbar, respectively.

Table I summarizes the results of this study and shows
that transition metals can exhibit a wide range of magnet-
ic properties when examined as a function of volume.
The listed critical rywg values define the ranges for the
different types of behavior. In all cases, the NM critical
value refers to the termination or stability limit of NM
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FIG. 2. Calculated magnetic moment and total energy as a
function of rys for bee Ti, showing a type-I second-order transi-
tion from a nonmagnetic to a ferromagnetic state.
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FIG. 3. Calculated magnetic moment and total energy as a
function of rys for bee Co, showing a type-1 second-order tran-
sition from a nonmagnetic to a ferromagnetic state.
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FIG. 4. Calculated magnetic moment and total energy as a
function of rys for bec Ni, showing a type-I second-order tran-
sition from a nonmagnetic to a ferromagnetic state.

behavior, and the HS critical value refers to the begin-
ning or stability limit of HS or FM (ferromagnetic) be-
havior. V and Mn, which have type-III transitions, ex-
hibit LS behavior in the region between the indicated
critical ryg values. For Sc, Ti, Fe, Co, and Ni, which
show type-I or second-order transitions, the termination
of NM behavior coincides with the beginning of HS be-
havior and the binding curves are continuous. Here, the
terms high-spin and ferromagnetic both refer to magnetic
behavior that persists to large volumes.

Our self-consistent, fixed-spin-moment calculations
show that, in this series, the transitions from nonmagnet-
ic to magnetic behavior are second order, first order, or
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composite second and first order. Although these calcu-
lations stand alone, it is interesting to note that a Stoner
analysis, particularly in the form developed by Andersen
et al.,” can provide a useful understanding of the onset of
magnetic behavior and of the differences in the form of
the transitions. At a given ryyg value, the Stoner criterion
can be expressed in the form

NMI =1,

where N(M) is DOS averaged over an energy interval
spanning the range corresponding to M /2 states in the
majority band above the Fermi energy (Eg), and M /2
states in the minority band below E.. Here, the majority
and minority bands are constructed from a DOS derived
from non-spin-polarized band calculations, with rigid
shifts of the up-spin and down-spin bands with respect to
the nonmagnetic Er leading to a magnetic moment M.
The Stoner exchange parameter, I, is a system-specific
coefficient of an effective exchange-correlation field that
lowers the total energy of the system by M2l /4. Magnet-
ic behavior is favored at expanded volumes because
N (Eg) grows rapidly as the bands become narrower (the
d-band width varies as rw3) with increasing volume. As
a consequence, N(M) also increases until the Stoner cri-
terion is exceeded. The functional form of N(M) depends
on the detailed position of E in the DOS (i.e., whether it
falls in a deep minimum or in a peak), and determines the
order of the transition. In Fig. 5, we show schematic rep-
resentations of the N(M) behavior for the systems stud-
ied here. In all cases, volume increases towards the top
of each panel. Curves labeled Vyy show the expected
functional dependence at compressed volumes where
nonmagnetic behavior is preferred and curves labeled V'
show the dependence at or near the calculated critical
points. Curves labeled Vyg or Vg show the dependence
at expanded volumes where high-spin or ferromagnetic
behavior is preferred. The solid horizontal bars at 1/1 in-
dicate the range of allowed magnetic moments, and are
labeled HS, FM, or LS in accordance with the labeling in
Figs. 1-4 and Refs. 1 and 2. The vertical lines represent
the expected limiting free-atom behavior discussed in Sec.
III.

TABLE 1. Equilibrium Wigner-Seitz radii (a.u.), ground states, bulk moduli (kbar), transition types,
and critical Wigner-Seitz radii (a.u.) for the 3d transition metals constrained to the bec structure. The
NM critical rys value refers to the termination of NM behavior, and the HS critical value refers to the
beginning of HS or FM behavior. Systems which have type-III transitions exhibit LS behavior in the
region bounded by the indicated LS critical ryg values.

rws Ground Bulk Transition Critical ryg values
System (equil.) state modulus type NM LS HS
bee Sc 3.36 NM 530 I 3.65 3.65
bee Ti 3.01 NM 1000 I 3.24 3.24
bee V 2.79 NM 1800 111 3.17 3.17,3.53 3.47
bce Cr 2.59 NM 2700 II 3.46 3.12
bcc Mn 2.59 LS 2600 III 2.53 2.53,2.92 2.88
bee Fe 2.62 FM 2200 I 2.28 2.28
bce Co 2.60 FM 2300 I 2.26 2.26
bece Ni 2.60 FM 2100 I 2.56 2.56
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FIG. 5. Schematic behavior of N(M) for the bcc 3d transi-
tion metals at different volumes, showing the Stoner analysis
leading to first-order (top panel), second-order (middle panel),
and composite (bottom panel) transitions. The top panel
represents the behavior for bcec Cr, the middle panel represents
the behavior for bee Fe (as well as Sc, Ti, Co, and Ni), and the
lower panel represents the behavior for bcc V (and Mn).

In the nonmagnetic state, the DOS for the bcc systems
included in this study show three peaks capable of ac-
commodating approximately 2, 4, and 6 (s plus d) elec-
trons, respectively.” Going across the 3d transition series
Sc has three valence electrons, and the number increases
by one with each increase in atomic number, reaching ten
for Ni. By adopting such a three-peaked canonical DOS
for the entire series, the extra electrons are accommodat-
ed by simply moving E to higher energies to occupy suc-
cessively more states as a function of increasing atomic
number. In the process, Ep falls on successively higher
peaks, or in deep minima between peaks. Each half of
the spin-split DOS shows the same three-peaked struc-
ture, with half as many electrons (i.e., 1, 2, and 3).

For nonmagnetic bcc Cr, which has six valence elec-
trons, Eg falls in the deep minimum between the two up-
permost peaks in the DOS.® As shown in the top panel of
Fig. 5 N(M) must therefore have a positive curvature at
the origin and must rise to a peak at a finite M value near
4up, corresponding to positioning E in the uppermost
peak of the majority bands with approximately five up
spins and in a local minimum in the minority bands with
approximately one down spin. As ryyg increases, the en-
tire N(M) curve increases. At some critical value of rysg,
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the peak at M ~4uy reaches the value 1/1 and satisfies
the Stoner criterion. The system therefore goes magnetic
with a discontinuous jump to M ~4uy. With still larger
increases in ryg, M simply continues to rise to the free-
atom limit. Thus, Cr undergoes a first-order transition
and exhibits a gap in the allowed magnetic moments,
with no solutions between M =0 and M ~4pup.

The middle panel of Fig. 5 represents the situation for
Fe. In this case, there are eight valence electrons to ac-
count for and Ep falls on the uppermost peak in the
DOS.? Since E falls on a peak, N(M) at M =0 is large,
but decreases with increasing M, with E. above the peak
for the majority bands and below the peak for the minori-
ty bands, resulting in a negative curvature. At low
volumes, N (M) does not exceed the Stoner criterion and
the system is nonmagnetic. As the volume increases,
N(M) increases until it exceeds 1/I at some critical rys
value at M =0. The system then goes magnetic, and fur-
ther increases in volume simply increase M in a smooth
manner. Thus Fe undergoes a second-order transition
with M varying smoothly from zero to the free-atom lim-
it. For bee, Sc, Ti, Co, and Ni, E falls in or near a local
peak in the nonmagnetic DOS and the systems show
similar (second-order) transitions.

Finally, consider V with five valence electrons and E
just to the right of the central DOS peak.? In this case,
N(M) has a somewhat more complicated form. As
shown in the lower panel of Fig. 5, N(M) now has two
peaks, one at M =0, and one near M =3up. This second
peak is a consequence of positioning E in the uppermost
peak of the majority bands with approximately four up
spins, and in a local minimum in the minority bands with
approximately one down spin. The schematic curves
show the behavior as the volume is increased. At some
critical ryg value, 1/1 is exceeded and the system under-
goes a second-order transition (similar to Fe) from non-
magnetic behavior to LS behavior. Increasing ryg simply
increases the moment until a second critical ryg value is
reached. Here, the system can have two values of mag-
netic moment, the LS value, and a second HS value at
M ~3ug. As the volume is increased further, the LS
solution ends at a third critical ryg value, but the HS mo-
ment persists up to the free-atom value. Thus V (and
similarly Mn) undergoes a composite transition, begin-
ning with a second-order and ending with a first-order
transition.

We see that the functional form of N(M) depends upon
details of the nonmagnetic DOS and upon the location of
E.. In general, if E falls in a deep minimum of the non-
magnetic DOS, N(M) will have a positive curvature at
the origin (the slope must be zero because of =M symme-
try). N(M) will peak at a finite M value with Ex on a lo-
cal peak in the spin-split bands, and the system will un-
dergo a first-order transition. On the other hand, if Ep
falls on a peak in the nonmagnetic DOS, N(M) will have
a negative curvature at the origin and the system will un-
dergo a second-order transition. As the functional form
of N(M) becomes more complicated due to details of the
DOS, still more complicated transitions can occur. Thus
fcc Fe was shown!? to exhibit two first-order transitions
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in a very limited volume range. A recent Stoner analysis
by Krasko® confirmed this complicated behavior.

III. LARGE-VOLUME LIMIT

In 3d transition-metal atoms, the uppermost occupied
energy levels correspond to 3d and 4s states. Upon con-
densation, these levels broaden and overlap to form con-
duction bands leading to a DOS with mixed sp and d
states. At the zero-pressure equilibrium volume, the 3d
and 4s bands are partially occupied with Ep in the d
bands. This mixing of sp and d states in solids is apparent
in non-spin-polarized energy-band calculations which, for
both bec and fcc 3d transition metals, yield approximate-
ly 1.4 sp electrons. Thus, at equilibrium, n, ~1.4 elec-
trons, regardless of the atomic ground-state
configuration. The number of d electrons, ny, is 1.6 for
Sc, increases by 1 with successive increases in atomic
number, and finally reaches 8.6 for Ni. Therefore, the fa-
miliar integer atomic configuration values do not apply
for condensed systems.

In general, the zero-pressure equilibrium state is not a
state of maximum spin. That is, Hund’s rule is not
satisfied and the magnetic moment does not have its max-
imum value. However, as the volume increases, the
bands become narrow and approach the discrete levels of
a free atom and Hund’s rule for the ground-state
configuration is satisfied. In order to study this experi-
mentally inaccessible but theoretically interesting limit,
we have extended the volume range and calculated mag-
netic moments out to rywg~6 a.u. (7 a.u. for Sc). The
magnetic behavior deduced from a study of calculated
E (M) curves is shown in Fig. 6, where |’s indicate equi-
librium ryg points. Spin moments consistent with
Hund’s rule and experimental ground-state atomic
configurations are also shown.

Figure 6 shows that the limiting atomic configuration
is not always the experimental free-atom configuration,
but that it corresponds rather to the ground-state
configuration of an atom calculated' in the LSD approx-
imation. The ground-state configurations and resulting
magnetic moments of the LSD atom are different from
those of the experimental free atom for Ti and V. Here,
the LSD atoms have a single 4s electron while the experi-
mental atoms have two 4s electrons (a 4s? configuration)
and a smaller moment. The LSD atom satisfies Hund’s
rule, but by transferring an electron from the s to the d
shell, Hund’s rule is applied to two unfilled shells and re-
sults in a larger moment. The LSD and experimental
atom have the same magnetic moment for all systems ex-
cept Tiand V.

A striking feature in Fig. 6 is the manner in which the
magnetic moment approaches the Hund’s-rule limit. The
moment approaches its limiting value at large volumes
with a steep slope from below for all systems except Sc
which has a steep slope from above. We find that the
limiting moment is attained at a definite volume where
the s bands separate from the d bands, fall below E, and
become fully occupied. At this volume, there is a discon-
tinuity in the slope of M that is a consequence of an
infinite slope at the termination of the s-band DOS.
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FIG. 6. Calculated magnetic moments for the 3d transition
elements constrained to the bcc structure showing the large-
volume limit and the approach to the Hund’s-rule atomic limit.
Only calculated points in the ferromagnetic or high-spin region
are shown.

In the case of Sc, the LSD atom and the experimental
atom have the same ground-state configuration, but be-
fore reaching the limiting behavior, the 4s shell is partial-
ly filled and polarized. At larger ryg values, the moment
decreases to the Hund’s-rule value of 1up with a discon-
tinuous slope near ryg=7 a.u. (note, the ryyg axis is fold-
ed back in Fig. 6 to display the curve out to larger radii).
For Sc at large volume, Ef is pinned in a deep minimum
in the majority d band, and the minority d band is unoc-
cupied.

Figure 7 shows the spin-split DOS for bcc Fe at
rws =4.70 a.u. where the calculated magnetic moment is
3.9up. For this point, we find 0.92sp',5.02d",0.53 sp*,
and 1.52 d* electrons so that the effective configuration is
3d%3%45145 Note that this configuration approaches the
3d%%4s!$ configuration found for the LSD atom.!® Fig-
ure 7 demonstrates that even at this volume, where the
majority and minority d bands are approaching atomic-
like energy levels, the bands still retain the same general
shape of the bcc bands at equilibrium volumes. Thus the
bcce signature of the lattice is still apparent at these large
volumes. Note also that E. is pinned in the deep
minimum in the minority d bands, and that the sp bands
are still spread over a wide energy range.

Analysis of a series of DOS for Fe in the range from
the equilibrium ryg value to ryg=4.70 a.u. where
Hund’s rule is approached, yields a mapping of the d-
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band edges (defined by the steep fall where they merge
into the s bands) shown in Fig. 8. We see that the d
bands overlap for ryg < ~3 a.u. For larger radii, the d
bands separate and the subsequent increase in magnetic
moment corresponds first to further d-band polarization
and later to s-band polarization. The calculated energy-
level splitting for the LSD free atom in a 3d%34s!?
configuration is 225 mRy and shown!! at ryg=c. As
shown in Fig. 7, the sp bands are spread in energy and
difficult to resolve. The majority and minority Fe d-band
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FIG. 8. Calculated d bands for bcc Fe showing the approach
to the free-atom limit. The effective configuration at rws=4.70
a.u. is 3d%3*4s"*5. The d-level separation for the LSD free atom
in the 3d%%4s'% is indicated at ryg= .
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widths, plotted as a function of r > are shown in Fig. 9.
The linear behavior displayed is a direct (computational)
verification, over a wide range of ryg values, of Heine’s
r~% dependence for d-band widths.'> The majority d
band is lower in energy than the minority d band, and
consequently is systematically narrower. Note that the
data do not extrapolate to zero, because the d bands are
imbedded in the sp bands and the edges are not precisely
defined. As the widths increase beyond the range shown
in Fig. 9, the uncertainties become more important, and
deviations from linearity are expected because the two
bands must eventually merge into one (have the same
width) at ryg=2.28 a.u. where the system becomes non-
magnetic.

In Table 11, we list calculated spin configurations at the
indicated ryg values where the s bands separate from the
d bands. Note that the LSD free-atom limit is not at-
tained even at these large volumes because we are still in
a region where majority and minority sp bands overlap.
From the table, it is apparent that atomic configurations
are approached but not completely reached at these ryg
values. The full atomic configuration can be achieved,
for the most part, by electron transfer: from the majority
d band to the minority sp band for Sc, from the majority
and the minority sp bands to the majority d band for Ti,
from the minority sp band to the majority sp band for V,
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FIG. 9. Band widths for majority and minority d bands for
bee Fe showing Heine’s 7 > dependence.
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TABLE II. Approximate spin configurations at the indicated radii (a.u.) and magnetic moments (u )
for the 3d transition metals constrained to the bce structure. The configurations are appropriate to the
systems at large volumes near the radius where the sp and d bands separate. Larger volumes are neces-

sary to achieve the “full” LSD atomic configurations.

Majority Minority

System rws M sp! d! spt d* Config.

bee Sc 7.00 1.10 0.97 1.08 0.92 0.03 3d 1145180
bee Ti 5.90 3.90 1.06 2.89 0.04 0.01 3d*%0451-10
bec V 5.20 4.80 0.90 4.00 0.10 0.00 3d* 045100
bee Cr 4.90 5.90 1.00 4.95 0.05 0.00 3d* 954510
bee Mn 4.20 4.95 0.94 5.01 0.65 0.40 3d>*14s1%
bee Fe 4.70 3.90 0.92 5.02 0.53 1.52 3d 53445143
bee Co 5.00 2.70 0.84 5.01 0.39 2.76 3d7 7745123
bee Ni 5.60 1.87 0.93 5.01 0.09 3.97 3d 59845102

from the minority sp band to the majority d band for Cr,
from the minority d band to the minority sp band for Mn
and for Fe and Co. For Ni, the atomic configuration can
be reached by electron transfer from the minority to the
majority sp bands.

IV. DISCUSSION

Both Fig. 6 and Table I show interesting trends across
the 3d transition series. With increasing atomic number,
the equilibrium ryg values decrease rapidly and become
relatively constant from Cr through Ni. This same trend
is apparent in the ryg values corresponding to the loca-
tion where the s bands separate from the d bands (Fig. 6
or Table II). In fact, the ratio of this latter quantity to
rws at equilibrium is approximately constant and equal
to 2 for all members of the series. The bulk moduli in-
crease rapidly, reach a maximum at Cr and then drop
slightly, and become relatively constant for Fe, Co, and
Ni. It is interesting to note that although many of the
systems considered do not occur in nature (the 3d transi-
tion metals do not all have bcc ground-state structures),
the trends are in general agreement® with experimental
trends in real systems. The bulk modulus for Mn seems
to be the one exception, with the experimental value be-
ing much lower than our calculated value. This may be
due to the fact that the ground state of naturally occur-
ring Mn is antiferromagnetic.

We note that, for the bcc structure, the magnetic tran-
sitions are second-order for the light and heavy transition
metals, and first-order or composite for the middle transi-
tion metals. This is a direct consequence of the position
of Er, and the three-peaked bcec DOS, as discussed in the
Stoner analysis given in Sec. II.

In the large-volume limit, the majority d bands for Cr,
Mn, Fe, Co, and Ni are completely filled (five electrons),
as shown in Table IT and demonstrated graphically for Fe
in Figs. 7 and 8. For these systems, E is pinned in a
deep minimum in the minority d bands. For Sc, Ti, and
V, Table II shows that the minority d bands are empty.
For these systems, E is pinned in a deep minimum in the
majority d bands. Ti, V, and Cr tend towards a 4s!
configuration and have increased magnetic moments due
to s-electron polarization. In the case of Sc, the magnetic

moment is initially enhanced due to s-electron polariza-
tion, but in this case the moment drops off at larger
volumes and approaches a 3d4s? configuration from
above with a moment of 1ug. Cr is a special case and has
the largest moment because of the fully occupied majori-
ty, and completely empty minority d and sp bands.

The calculated magnetic moments display yet another
trend in the 3d transition series. In Fig. 10, we show the
LSD free-atom moments (integers) along with the experi-
mental magnetic moments for Fe, Co, and Ni which fall
on the familiar Slater-Pauling (SP) curve. The SP curve
shows the saturation moment due to an applied field at
the equilibrium (zero-pressure) volume, as a function of
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FIG. 10. Saturation moments for the 3d transition metals.
The “equilibrium” curve is the familiar Slater-Pauling curve for
the metals. The “free-atom” curve gives the maximum moment
for the LSD atom and represents the total exchange-saturated
moments from both s and d states. The “d-band separation”
curve gives the exchange-saturated moments at d-band separa-
tion, or at volumes where the minority d bands are completely
empty (zero electrons, light transition metals) or where the ma-
jority d bands are full (five electrons, heavy transition metals).
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atomic number. Our calculated large-volume magnetic
moments represent the saturation moments for the
exchange-correlation field. The effects of this exchange-
correlation field are progressively enhanced by increasing
the volume and result in an exchange-saturated moment
that measures the ultimate magnetic capability of the sys-
tem. Our LSD free-atom SP curve differs from the usual
SP curve by giving larger moments, by including Sc, Ti,
V, and Cr, and by peaking at Cr instead of Fe. We also
show in Fig. 10, the magnetic moments at “d-band sepa-
ration.” This calculated magnetic moment is obtained
from the inflection points of the curves in Fig. 6 (except
for Sc, where the maximum is used), and gives the mo-
ment at volumes where the minority d bands are approxi-
mately empty for the light transition metals, and volumes
where the majority d bands are approximately full for the
heavy transition metals.!> That is, for the light transition
metals, the minority d bands are above Ep (empty), and
for the heavy transition metals, the majority d bands are
below E (full) and contain five electrons. From Cr to
Ni, the additional s-state contribution to the moment
beyond the inflection point becomes increasingly larger,
as is evident from the differences between the free-atom
and d-band separation curves. Cu, with a 3d 104
ground-state configuration has a free-atom moment of
1pp derived exclusively from s states.

Note that the curves in Fig. 6 show two stages of satu-
ration. In the first stage, the curves show an initial rise
and then round over to a plateau corresponding to the
splitting of the majority and minority d bands (near
rws =3 a.u. for Fe) in the exchange field (the d-band sepa-
ration mentioned above). For the light transition metals,
the plateau corresponds to approximately empty minority
d bands (above E) with all the d electrons in majority d
bands (below Er). For the heavy transition metals, the
plateau corresponds to approximately full (five electrons)
majority d bands (below Eg). Thus, the plateau
represents a region where we would observe no change in
moment if there were only d electrons to deal with. How-
ever, the presence of s bands produces further changes as
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the majority and minority s bands become narrow and
split with increasing volume. The trend curve in Fig. 10,
labeled ““d-band separation” represents an estimate of the
plateau region.

In the light transition metals, the moment can rise
above the plateau when the majority s band drops below
Er while the minority s band remains above Ep. Hence
the moment is enhanced both by polarization of the s
bands and by electron transfer to the majority d bands,
producing the final saturation moment of the LSD atom.
However, in the case of Sc, both majority and minority s
bands become occupied (fall below Er), and the moment
is reduced from its value at the plateau before reaching
full saturation.

In the heavy transition metals, the magnetic moment
at d-band separation corresponds to almost fully polar-
ized d bands, and unpolarized or slightly polarized s
bands, each containing approximately 1 electron. The
final rise in magnetic moment when one or both s bands
drop below E is achieved either by s-band transfer (one s
band below E) and increased s-band polarization, or by
d-band to s-band transfer (both s bands below E) and in-
creased d-band polarization. However, the final moment
is the same for Mn, Fe, Co, and Ni, whether one (3d*4s)
or both (3d* ~'4s?) s bands fall below E.

In summary, we have used first-principles total-energy
band calculations with the local-spin-density and
spherical-atom approximations to study the volume
dependence of the magnetic moments, and to identify
volume regions of different magnetic behavior. We have
obtained a complete and theoretically consistent descrip-
tion of the magnetic behavior at all volumes out to the
free-atom limit. Although the physically accessible range
of volumes is perhaps only a +=10% volume change
around the equilibrium volume, and the large-volume
limit lies far beyond the stability limit of the lattice
(where the bulk modulus goes to zero), our results give a
comprehensive description of the magnetic behavior and
of the trends and electronic changes in the bce 3d transi-
tion metals.
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