Magnetic Collapse in Transition Metal Oxides at
High Pressure: Implications for the Earth
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Magnetic collapse in transition metal ions is predicted from first-principles computations
at pressures reached in the Earth’s lower mantle and core. Magnetic collapse would lead
to marked changes in geophysically important properties, such as elasticity and con-
ductivity, and also to different geochemical behavior, such as element partitioning, than
estimated by extrapolating low-pressure data, and thus change the understanding of
Earth’s structure and evolution. Magnetic collapse results from band widening rather
than from changes in crystal field splitting under pressure. Seismic anomalies in the outer
core and the lowermost mantle may be due to magnetic collapse of ferrous iron, dis-
solved in iron liquid in the outer core, and in solution in magnesiowdstite in the lowermost

mantle.

The behavior of major (such as Fe?™) and
minor transition metal ions at high pres-
sures plays an important role in understand-
ing Earth’s composition and differentiation
(I, 2). Using the local density approxima-
tion (LDA), the “standard model” of first-
principles solid-state electronic structure
methods, Isaak et al. (3) predicted that FeO
would undergo magnetic collapse (that is, a
high-spin low-spin transition) possibly
within pressures attained within the Earth.
We obtained more accurate predictions of
magnetic collapse in transition metal oxide
compounds, using an improved (4, 5) the-
ory, the generalized gradient approximation
(GGA), and extended our previous studies
of magnetic collapse to Fe’* in FeO with
the NiAs structure (called B8) and in Fe-
SiO; perovskite, and to other transition
metal ions such as Mn?*, Co?™, and Ni’™.
We found that magnetic collapse occurs in
all these magnetic transition metal ions, in
some cases at experimentally accessible
pressures. We also present a physical inter-
pretation of the predicted behavior that
allows extrapolation to more complex phas-
es and solid solutions that are important in
geochemistry.

A material can undergo a magnetic tran-
sition (6) because of band widening or be-
cause of changes in the crystal field (7). In
the Stoner model (8), a magnetic state is
stable if IN(0) > 1, where the Stoner inte-
gral I is determined by the self-consistent
spin splitting of atomic d-states induced by
an applied magnetization M, and N(0) is
the density of states at the Fermi level. This
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criterion is derived from minimization of
the sum of the magnetic energy, —M?I/2,
and the change in the band energy, M?/
2N(0), for magnetization M. Under com-

pression, I changes little but N(0) decreases
as the bandwidth increases. At a critical
pressure, the Stoner criterion is not satis-
fied, and the system becomes nonmagnetic.
Magnetic collapse could also occur if the
crystal field splitting becomes larger than
the exchange splitting, in which case the
occupancy of states changes and the mag-
netic moments collapse. In the more re-
fined extended Stoner theory (9), the aver-
age density of states is introduced, N(M) =
M/Ag, where A€ is the spin splitting. The
criterion for a magnetic state to exist is
IN(M) = 1. Note that N(0) = N(0) =
dM/oAg. The extended Stoner calculations
bridge the gap between the localized ap-
proach (crystal field-induced) and the con-
ventional Stoner theory.

We investigated the magnetic properties
at very high pressure of FeO, MnO, CoQ,
NiO, and FeSiO; perovskite using first-
principles linear muffin tin orbital (LMTO)
and linearized augmented plane wave
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Fig. 1. Magnetic moments M [in Bohr magnetons (ug)] for antiferromagnetic transition metal oxides in
the B1 structure as a function of (A) pressure and (B) compression computed self-consistently with the
LMTO-ASA method. Compression was calculated with respect to the theoretical zero pressure vol-
umes. GGA results (open circles) are shown for MnO, FeO, CoO, and NiO; LDA results (solid circles) are
shown for FeO and CoO for comparison. Vertical lines denote transition pressures.
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(LAPW) electronic structure methods
within the GGA (10, 11). Our equations of
state (Table 1) show that GGA models the
compression of transition metal oxides ac-
curately. We computed the antiferromag-
netic moments for cubic rocksalt (Bl)-
structured FeO, MnO, CoO, and NiO (Fig.
1 and Table 2) and found that all four
compounds exhibit magnetic collapse. The
LDA transition pressures were lower than
the GGA transition pressures, because LDA
underestimates magnetic stabilization ener-
gies (12). For FeO, magnetic collapse oc-
curred at relatively high pressures (13),
whereas for CoO, the transition pressure
was relatively low. We found first-order
transitions with significant (5 to 7%) frac-
tional volume changes, AV/V, except for
NiO, where the magnetic moment de-
creased gradually. Thus, in FeO, CoO, and
MnO, the transitions could be detected ex-
perimentally with standard x-ray diffraction
techniques and by looking for a volume
discontinuity in the equation of state. Be-
cause CoQ, unlike FeO, is stoichiometric
and has the lowest transition, it should be
the most amenable to experimental study.
The methods we use are the most appro-
priate tractable methods to study properties
of transition metal oxides in the high-pres-
sure regime where bandwidths are large
(14). At low pressures, there are inadequa-

cies in both GGA and LDA; for example,

they predict metallic behavior for FeO and
CoQO, which are insulators. This is due to
the neglect of strong correlations of local-
ized electrons, characterized by a parameter
called the Hubbard U, that inhibits multi-
ple occupation of d orbitals on the same
metal ion; U is the energy increase when an
additional electron is added to a d orbital.
The parameter that governs the tendency
toward localization is U/W, where W is the
bandwidth. Materials that are Mott or
charge transfer insulators at low pressures
will become metallic with increasing pres-
sure because W increases with pressure and
U decreases because of increased screening.
Thus, at high pressures, band theory should
be quite reliable. Recent many-body Monte
Carlo simulations predicted metallic behav-
ior for U/W < V/N (15), where N is the
orbital degeneracy (5 in our case), so that at
the pressures of interest here, band theory
should be applicable (Table 3) (16). An-
other important study showing the accuracy
of our approach used the same methods and
predicted magnetic collapse and metalliza-
tion of Nil, at 25 GPa (17), compared with
the experimental value of 19 GPa (18).
We performed an extended Stoner anal-
ysis (Fig. 2) and found that it accurately
predicted the behavior we found in our
self-consistent computations. This demon-
strates that magnetic collapse occurs be-
cause of band broadening with pressure,
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with very little change in crystal field. The
crystal field and structural details govern
the shape of the effective density of states
and thus govern the character of the mag-
netic collapse (that is, whether it is contin-
uous or discontinuous, as well as the mag-
nitudes of the high- and low-spin moments
at a given pressure). The shape of the effec-
tive density of states does not change much
with pressure; it is primarily the uniform
decrease in effective densities of states that
gives rise to magnetic collapse. The exis-
tence of a low-spin state is due to the crystal
field splitting, which manifests itself by a
dip in the density of states between the
centers of the tye and e, bands. However,
the transition is not due to changes in the

Table 1. Theoretical and experimental parame-
ters from GGA computations of antiferromagnetic
transition metal monoxides at zero pressure. Ex-
perimental parameters are listed in parentheses.
Volumes are for the primitive antiferromagnetic
cell (four atoms). Experimental data are from (28)
for MnO, (3) for FeO, (29) for CoO, and (30) for
NiO. V,,, zero pressure volume; K, bulk modulus;
and K’, dK/dP.

Mon- 3 ,
oxide V, (bohr®) K (GPa) K
MnO 303 (296) 196 (170) 3.9 (4.8)
FeO 280 (275) 178 (142-180) 4.2 (4.9)
CoO  265(261) 177 (181) 5.4

NiO 253 (246) 194 (166-208) 4.5

Table 2. Parameters (from GGA computations)
for the high-low spin transition. V,,,, and V,,,, are
the volumes (in bohr3) of the low- and high-spin
phases, respectively; M, and M, are the cor-
responding respective magnetizations (in pg). P,
is the transition pressure in gigapascals. Parame-
ters derived from LDA computations are listed in

parentheses.

Parameter MnO FeO CoO NiO
Viow 182 166 (183) 193 (213) 166
Viigh 209 180 (197) 206 (227) 167
Mo 1.3 0.3(0.3) 0.0(.1) 0.0
Mhrign 3.4 23(2.8 2223 06
= 149 200 (95) 88 (18) 230

Table 3. Hubbard parameter U (37) and effective
bandwidths W (32) at 0 GPa and at magnetic
collapse pressures in electron volts. The critical
value of U/W is 2.24, so band theory should be
appropriate at the high pressures where magnetic
collapse occurs.

Parameter MnO FeO CoO NiO
UP=0) 7.8 5.1 5.3 6.7
WP =0) 1.0 0.9 1.0 1.4
W (P,) 3.5 3.4 3.0 3.5
U/w P = 0) 7.8 5.7 5.3 4.8
umw P,) 2.2 1.5 1.8 1.4
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crystal field splitting with pressure, which
are quite small.

A crucial question is the importance of
the ionic environment. Magnetic collapse
in strained B1 occurs at similar pressures as
in cubic Bl (3). There are two possible
crystallographic modifications of the B8
structure, depending on whether Fe is in the
Ni (normal B8) or the As (inverse B8) sites.
In normal B8, the Fe atoms form chains
along ¢ (the hexagonal axis), and magnetic
collapse is continuous. In contrast, there is
a more sudden transition in inverse B8 but
only at extreme pressures (>500 GPa). The
continuous transition in normal B8 occurs
because the short Fe-Fe distances along ¢
lead to a highly dispersive d > band, which
makes the t,, sub-band very wide. The ex-
tended Stoner picture correctly predicts the
behavior we observe in our self-consistent
computations. Given that the local envi-
ronment is crucial and that collapse is not
related to cooperative effects such as mag-
netic ordering, defects such as the observed
nonstoichiometry in FeO at low pressures
will not directly influence the predicted
transition.

We also studied FeSiO; perovskite,
which is not stable relative to FeO + SiO,
stishovite. Understanding Fe behavior in
silicate perovskite is extremely important,
because (Mg,Fe)SiO; perovskite containing
up to 15% Fe is considered to be the most
common mineral in the Earth. We consid-
ered Fe in either the A or the B sites of the
structure (19, 20); in both cases, the Fe
atoms are at the same distance from each
other, too far apart for significant Fe-Fe
hopping. Iron is high-spin in the A site and
low-spin in the B site at geophysically rel-
evant pressures (<135 GPa). In the A site,
collapse did not occur until 1 TPa, whereas
in the B site, the magnetic moment de-
creased smoothly from high spin at low
pressures to low spin at high pressures. We
found the crystal field t, e, splitting to be
nearly the same in the two structures at all
pressures. The B site is much smaller than
the A site, so that the bandwidths are much
larger when Fe is in the B site, thus leading
to different magnetic behavior and again
showing that magnetic collapse is governed
by the bandwidth, not the crystal field.

Transition pressures will depend on the
local structure and “compression” of the
ion. For example, transition metal sulfides
and iodides tend to have lower pressure
transitions because the greater overlap with
the larger anions leads to larger bandwidths.
Thus, in Nil, magnetic collapse occurs at
19 GPa (18), whereas we predict collapse at
230 GPa in NiO. This phenomenon is ev-
ident in the system FeS,-MnS, (21). Fer-
rous iron in FeS, is low spin, whereas dilute
Fe’* in MnS,, which has a larger molar
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volume than FeS,, is high spin. In the
lightly doped material, the Fe?" ions under-
go magnetic collapse to low spin under
moderate compression (12 GPa). Thus,
compression of Fe?* by applied pressure or
by substitution in a smaller structural site
will induce magnetic collapse. This is com-
pletely consistent with our results on Fe-
SiO;. Ferrous iron in magnesiowiistite will
undergo magnetic collapse at lower pres-
sures than will pure FeO, because the Mg?*
ion is smaller than the Fe?*" ion.

The potential geophysical and geo-
chemical implications of these results are
extensive and highlight the need for exper-
imental studies of the behavior of transition
metal oxides and silicates at pressures >100
GPa. We outline some of the most impor-
tant implications. Of the transition metals,
only Fe?* is sufficiently abundant to affect
the structure and seismic properties of the
Earth. We find a transition pressure of 200
GPa for FeO, which is appropriate to the
outer core (22). This is intriguing, because
magnetic collapse in Fe?* ions could occur
in an iron-rich liquid and would cause den-
sity and elastic anomalies. Some seismic
studies do indeed provide evidence that the
Earth’s outer core is stratified (23). Ferrous
iron in magnesiowiistite will collapse at
lower pressures than ferrous iron dissolved
in Fe liquid, as a result of the environmental
effect discussed above. Thus, magnetic col-
lapse may also be partly responsible for
anomalies in D", that is, the complex region
in the lower mantle immediately above the
iron core (24, 25), where Fe is present
mostly as magnesiowiistite, as well as in the
core.

A long-standing problem has been the
excess of siderophile elements in Earth’s
mantle relative to the lithophile elements
(26). Changes in the nature of bonding
brought on by magnetic collapse at high
pressure means that extrapolation of low-
pressure results will have little applicability
to siderophiles at lower mantle pressures.
Our results apply most directly to Ni and
Co, which require nearly equal partition
coefficients to explain their similar deple-
tions in the mantle, whereas low-pressure
experiments show Ni to be more siderophile
than Co (27). Magnetic collapse in Co?™*
would make it more siderophile, and would
thus help to explain the relative depletions
of Ni and Co. Our results show the impor-
tance of further partitioning experiments at
ultrahigh pressures appropriate to Earth’s
lower mantle.

The high-spin low-spin magnetic transi-
tions in transition metal oxide compounds
obtained in our computations range from 90
GPa for CoO to 1 TPa in FeSiO;. These
theoretical predictions must be tested in the
laboratory, but on the basis of previous stud-
SCIENCE »
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ies, we estimate a maximum uncertainty of
30 GPa in our GGA transition pressures.
Our calculations demonstrate that the band
broadening due to shorter nearest neighbor
distances, not an increase of the crystal field
splitting, causes collapse of the high-spin
magnetic state under pressure. The resulting
changes in bonding character from ionic to
metallic would also affect mineral stability.
Charge would move out of the bonding
directions and shapes of the transition met-
al and oxygen ions would change, affecting
phase diagrams and elasticity. Transition
metal ions will behave essentially as “differ-
ent elements” at high pressures, and chem-
ical intuition derived from experience at
low pressures will not be applicable. Even
the concept of chemical valence is not ap-
propriate at ultrahigh pressures.
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A General Strategy for Selecting High-Affinity
Zinc Finger Proteins for Diverse
DNA Target Sites

Harvey A. Greisman and Carl O. Pabo*

A method is described for selecting DNA-binding proteins that recognize desired se-
quences. The protocol involves gradually extending a new zinc finger protein across the
desired 9- or 10-base pair target site, adding and optimizing one finger at a time. This
procedure was tested with a TATA box, a p53 binding site, and a nuclear receptor
element, and proteins were obtained that bind with nanomolar dissociation constants
and discriminate effectively (greater than 20,000-fold) against nonspecific DNA. This
strategy may provide important information about protein-DNA recognition as well as

powerful tools for biomedical research.

Design of DNA-binding proteins that will
recognize desired sites on double-stranded
DNA has been a challenging problem. Al-
though a number of DNA-binding motifs
have yielded variants with altered specific-
ities, zinc finger proteins related to TFIIIA
(1) and Zif268 (2) appear to provide the
most versatile framework for design. Mod-
eling, sequence comparisons, and phage dis-
play have been used to alter the specificity
of an individual zinc finger within a mul-
tifinger protein (3—7), and fingers also have
been “mixed and matched” to construct
new DNA-binding proteins (8, 9). These
design and selection studies have assumed
that each finger [with its corresponding
3—base pair (bp) subsite] can be treated as
an independent unit (Fig. 1B). This as-
sumption has provided a useful starting
point for design studies, but crystallographic
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studies of zinc finger-DNA complexes (10—
13) reveal many examples of contacts that
couple neighboring fingers and subsites, and
it is evident that context-dependent inter-
actions are important for zinc finger-DNA
recognition (3, 7, 8). Existing strategies
have not taken these interactions into ac-
count in the design of multifinger proteins,
and this may explain why there has been no
effective, general method for designing
high-affinity proteins for desired target sites
(14).

We have developed a selection strategy
that can accommodate many of these con-
text-dependent interactions between neigh-
boring fingers and subsites. Our strategy in-
volves gradual assembly of a new zinc finger
protein at the desired binding site—adding
and optimizing one finger at a time as we
proceed across the target site. We use the
Zif268 structure (10, 13) as our framework
and randomize six potential base-contacting
positions in each finger (Fig. 1, A and D)
(15). Our protocol includes three selection
steps (Fig. 2), one for each finger of the new
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protein: (i) A finger that recognizes the 3’
end of the target site is selected by phage
display (Fig. 2A). At this stage, two wild-
type Zif fingers are used as temporary an-
chors to position the library of randomized
fingers over the target site, and we use a
hybrid DNA site that has Zif subsites fused to
the target site. (ii) The selected finger is
retained as part of a “growing” protein and,
after the distal Zif finger is discarded, phage
display is used to select a new finger that
recognizes the central region of the target
site (Fig. 2B). (iii) Finally, the remaining Zif
finger is discarded, and phage display is used
to select a third finger that recognizes the 5’
region of the target site (Fig. 2C). Optimiza-
tion of this finger yields the new zinc finger
protein.

Our strategy ensures that the new fingers
are always selected in a relevant structural
context. Because an intact binding site is
present at every stage, and because our se-
lections are performed in the context of a
growing protein-DNA complex, our meth-
od readily optimizes context-dependent in-
teractions between neighboring fingers and
subsites and naturally selects for fingers that
will function well together (16). To ensure
that the selected proteins will bind tightly
and specifically to the desired target sites,
we performed all selections in the presence
of calf thymus competitor DNA (3 mg/ml)
(17). This serves to counterselect against
any proteins that bind promiscuously or
prefer alternative sites, and our protocol
thus directly selects for affinity as well as
specificity of binding (18).

We tested our protocol by performing
selections with a TATA box, a p53 binding
site, and a nuclear receptor element (NRE)
(Fig. 1C). These important regulatory sites
were chosen because they normally are rec-
ognized by other families of DNA-binding
proteins and because these sites are quite
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