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Calculated hyperfine fields and their pressure derivatives in Fe, Co, and Ni

J. F. Janak
IBM Thomas J. W'atson Research Laboratories,

Yorktol/l/n Heights, Nel4/ York 10598
(Received 16 February 1979)

The hyperfine field and its pressure derivative have been calculated for the metallic ferromag-
nets Fe, Co, and Ni using a local approximation for exchange and correlation. Good agreement
with experiment is obtained. A short discussion is given of the behavior under pressure of the
core and valence contributions to the hyperfine field in these materials.

In the previous paper, ' Riedi has reported mea-
surements of the pressure dependence of the hyper-
fine field of ferromagnetic nickel. The hyperfine
field in this material increases under pressure, as it
does in fcc and hcp cobalt, while it decreases under
pressure in bcc iron. 4

The purpose of this paper is to point out that self-
consistent, spin-polarized energy-band calculations
for iron, cobalt, and nickel using the local-spin-
density (LSD) approximation for exchange and corre-
lation' give results for the hyperfine field and it0

pressure dependence which are in good agreement
with experiment. This is of interest because the LSD
approximation assumes that the exchange and corre-
lation forces on an electron at a given point depend
only on the electronic charge density and magnetiza-
tion at the same point, whereas the exchange polari-
zation6 of the core electrons by the valence 3d elec-
trons (the source of most of the hyperfine field) is a

highly nonlocal effect in the Hartree-Fock approxi-
mation. It is surprising that the LSD approximation,
which can produce exchange polarization effects only
through the direct spatial overlap of the core and
valence charge densities, works as well as it does for
the hyperfine field.

In this Comment, the results of the calculations
will first be described and compared to experiment,
and a discussion of the meaning of these results will

then be given.
In order to calculate the pressure dependence of a

quantity in energy-band theory, self-consistent calcu-
lations are performed at two or more lattice con-
stants, and a numerical derivative is taken (conver-
sion to a pressure derivative is accomplished using
the calculated value of the bulk modulus). The
mechanics and details of the energy-band calculations
required at each lattice constant have been described
elsewhere, ' and will not be discussed here. The only
features of the calculations that are relevant here are
(i) they were performed using the same treatment of
exchange and correlation which was earlier found
to give good results for the magnetic moment, bulk
modulus, lattice constant, etc. , of spin-polarized ma-

terials (this treatment is based on the exchange-
correlation functional proposed by von Barth and
Hedin"); (ii) their only input parameters are the
atomic number and lattice structure (the lattice con-
stant is determined by minimization of the total ener-
gy); and (iii) they were performed nonrelativistically
in the "muffin-tin" approximation.

The calculated values of the hyperfine field, its
pressure derivative, and the pressure derivative of
the magnetic moment per atom for bcc Fe, fcc Co,
and fcc Ni are compared to experiment in Tables I-
III. The decomposition of the pressure derivative of
the hyperfine field into core and valence' contribu-
tions is also given in these tables. The hyperfine
field is proportional to the electronic spin density at
the nucleus" (the field in kG is 524 times the spin
density in electrons/Bohr' ), and the logarithmic
derivatives of the hyperfine field and the experimen-
tally measured hyperfine frequency should be equal,
since the nuclear magneton and g factor are not ex-
pected to change with pressure.

The calculated values of the hyperfine field at
equilibrium are in good agreement with those ob-
tained by Callaway and Wang (who used a similar
form for the exchange-correlation potential) for
iron' and nickel'; agreement with experiment is sat-
isfactory in cobalt and nickel, but less satisfactory in
iron. Although the reason for this is not known, it
may be relevant that, of the three, only iron has a
partially filled majority-spin d band.

The theoretical values of the pressure derivative of
the hyperfine field represent second differences of
small quantities (the change with lattice constant or
pressure of the spin polarization at the nucleus,
which is itself a very small fraction of the total charge
density there), and are therefore given to only one
significant figure. While the agreement between
theoretical and experimental values of the pressure
derivative of the hyperfine field is less than perfect,
the theory correctly gives the trend in this quantity
with atomic number, and it is especially noteworthy
that the theory reproduces the change in sign
between iron and cobalt.
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TABLE I. Hyperfine field H in kG, pressure deriva-
tives of the core and valence contributions to the hyper-
fine field (kG/Mbar), and logarithmic derivatives of the
hyperfine field and magnetic moment per atom (Mbar ')
for bcc iron (calculations performed for a lattice constant
of 5.27 a.u.).

TABLE III, Hyperfine field H in kG, pressure derivatives
of the core and valence contributions to the hyperfine field
(kG/Mbar), and logarithmic derivatives of the hyperfine-
field and magnetic mordent per atom (Mbar ') for fcc nick-
el (calculations performed for a lattice constant of.6.55
a.u.) ~

H BH, /BP BH„/BP 8 lnH/nP 8 InM/BP H BH, /BP BH„/9P 8 lnH/9P g lnM/QP

Theory —260 + 1050 —980
Expt 339 e e ~ \ ~ ~

—0.3
-0.17b

—0.49
—0.32'

Theory —80
Expt. —75'

+10 —65 +0.7
+0.81'

—0.21
—0.30'

'Reference 11. "Reference 4. 'Reference 12. 'Reference 15~ bReference 1. 'Reference 12.

TABLE II. Hyperfine field H in kG, pressure derivatives
of the core and valence contributions to the hyperfine field
(kG/Mbar), and logarithmic derivatives of the hyperfine
field and magnetic moment per atom (Mbar ') for fcc
cobalt (calculations performed for a lattice constant of,
6.54 a.u.).

H 8H, /BP BH„/8P 8 ln H/BP 9 lnM/BP

Theory —220
Expt, —217'

+210 +0.3
+0.60'

—0.17
0 22c

'Reference 13. bReference 2. 'Reference 14.

We now turn to a discussion of these results. As is
well known, the total electron spin density or micro-
scopic magnetization (whose integral over the unit
cell is the magnetic moment per atom) is positive
(parallel to the net magnetic moment) in the regions
where the 3d electronic wave functions have their
maximum, but becomes negative both near the nu-
cleus (the hyperfine field is opposite to the magnetic
moment"), and in the interstitial region of the unit
cell (in that part of the unit cell outside the 3d wave
functions), as has been observed by neutron diffrac-
tion. ' This is due to exchange polarization: the ex-
change interaction is attractive, but operates only on
electrons of like spin. Thus the majority-spin d elec-
trons tend to pull majority-spin electrons (mainly the
2s electrons) out of the core region, ' and also pull
valence electrons (mainly the 4s electrons) out of the
interstitial region, leading to a deficit of majority-spin
electrons in both the core and the interstitial regions.

The hyperfine field found in these calculations is
negative, in agreement with experiment, because
both the core and valence spin densities prove to be
negative at the nucleus. " Its pressure dependence
will be a complicated balance of the pressure depen-
dences of the core and valence spin densities at the
nucleus. The net magnetic moment per atom de-

creases with pressure in all three materials, because
the spin density associated with the 3d electrons de-
creases under pressure; this implies a decrease in the
exchange polarization forces. Thus the core spin
density at the nucleus decreases in magnitude (be-
comes less negative) under pressure, an effect which
is apparent in Tables I—III,

However, the valence spin density at the nucleus
increases in magnitude (becomes more negative)
under pressure in all three materials, as is noted in
Tables I—III; this is opposite to what might be ex-
pected from the decrease in the exchange polarization
forces. One explanation is that the 4s orbitals are
slightly squeezed by a lattice compression, so that the
valence charge density at the nucleus increases under
pressure. 24 This additional valence charge can become
negatively polarized through the exchange interac-
tion with 'the (already polarized) core orbitals near
the nucleus. The net change in the hypej;fine field is
the result of the competition between these opposing
changes in the core and valence spin densities: in Fe,
the change in core density outweighs the change in
valence spin density, so that the hyperfine field de-
creases in magnitude under pressure, awhile in Co and
Ni, the valence contribution outweighs the core con-
tribution, so that the hyperfine field increases in

magnitude.
An explanation for this difference follows from the

fact that, according to the calculations, iron is a
"weak" ferromagnet (its majority-spin d band is not
filled) while fcc cobalt and nickel are "strong" fer-
romagnets (their majority-spin d bands are filled). In
a ferromagnet, the net magnetic moment per atom
decreases with pressure because of conversion of
majority-spin d electrons into minority-spin electrons
of both s-p and d character (a similar conversion of
majority-spin s-p electrons occurs, but is a smaller ef-
fect). When the majority-spin d band is filled, as in a

strong ferromagnet, its occupancy does not change
with pressure (the decrease of the net moment under
pressure in this case is caused by increased occupa-
tion of the minority-spin d band, because of s-d
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conversion). Thus the pressure derivative of the
magnetic moment should be larger in weak than in
strong ferromagnets, as is observed for the 31transi-
tion metals. The core contribution to the pressure
derivative of the hyperfine field should also be larger
in weak than in strong ferromagnets, because of the
larger pressure dependence of the exchange polariza-
tion (both these effects can be seen in Tables I—III),
and it may be that the core contribution to the pres-

sure derivative of the hyperfine field outweighs the
valence contribution in iron, because of its partially
filled majority-spin d band.
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