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ABSTRACT

Current active areas of high pressure research in
magnetism include: exchange interactions in stable moment
systems, the transition from stable to unstable moment
behavior, weak-itinerant magnetism, exchange-enhanced
paramagnetism, magnetic phenomena in quasi 1D~ and 2D-
systems, and magnetic ordering in solid 3He. In this paper
I outline the general behavior of magnetism under high
pressure across the periodic system and critically discuss
recent experimental and theoretical results exemplifying
some of the above areas of research. A diamond anvil cell
for studies in magnetism is presgpted.

The average interatomic separation ¥ = Val/3' where V, is the
available volume per atom, is an essential parameter in determining both the
electrical and magnetic properties of a given system, be it gaseous,
amorphous or crystalline. Whereas the electrical conductiwvity of a given
aggregate of atoms normally increases with decreasing I (increasing
pressure) as the sharp atomic levels spread out into conduction bands, the
dependence of the magnetic state on ¥ can be considerably more complex,
as I will discuss.

The vast majority (76 out of 102) of free neutral atoms in the periodic
system possess a well-defined magnetic moment; but when these atoms are
allowed to condense into a solid, this moment is more often than not lost
[1]. In fact, only 23 elements from the 4f-, 5f- and 3d-series plus oxygen
retain their magnetism. On the basis of this, it is certainly reasonable to
anticipate that a further reduction in I by subjecting the solid to
high pressure would eventually lead to the complete destruction of magnet-
ism. We will see that magnetism's high pressure path to the gallows can be
extraordinarily rich and varied, involving numerous rises and falls, before
the final execution is complete at often astronomic pressures.

The conditions for the onset of metallic electrical behavior in some
insulating systems can be accurately estimated using the simple Herzfeld
criteria [2] where the relevant parameter is the ratio of ¥ to an equi-
valent charge radius [3]. Can an equally simple but effective criterion be
found for the destruction of atomic magnetism in a solid? To this end
consider in Fig. 1 the charge densities of those atomic wave functions which
are responsible for the magnetism of free atoms in the 4f-, 5f-, 3d- and 4d-
series. The wave functions are shown for two atoms placed at their nearest
neighbor separation in the solid. 1In this figure we see that the degree of
interatomic wave function overlap increases steadily from top to bottom,
from negligible for the 4f's to appreciable for the 4d's. Since the series
from top to bottom experience increasing difficulty in retaining their
magnetism in the solid (Nb is nonmagnetic), it is clear that the degree of
overlap may be a relevant parameter. To crudely quantify the degree of
overlap it is useful to define in Fig. 1 the ratio a = Rgs/Ryq
of half the average interatomic separation Rgs = 2/2 to the
radius R - for the maximum in the charge density of the magnetic
orbital. Using tabulated values for Rgg [4] and Ryo [5], I find
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a= 5.7, 3.8, 3.5 and 2.0 for Sm, CF,
Fe and Nb, respectively. The smaller Sm
is @, the greater the degree of orbit- Ly
al overlap and the more difficult it
is for the system to retain its mag-

netism. It would be of interest to |
establish whether across the entire
periodic table a critical value of
the ratio a, can be found which
separates magnetic from nonmagnetic
behavior. In Fig. 2 a is plotted for
all elements; those displaying either
local moment or itinerant magnetism
in the solid state are encircled.

It is interesting to note that with
the sole exceptions of Cr and 0, all
magnetic elements possess a value of:
a which is greater than . = 3.2.

The idea of such a critical value of Nb
a as a criteria for magnetism is not 4d
new but was applied many years ago by
Slater [6] to the transition metals
and more recently by Hill (7] to the t }
4f-, SE;— and 3d-series. Figqure 2, |NTERATOM|C DlSTANCE
however’, encompasses all elements

and is thus useful for discussions

Cf
S5t

Fe
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CHARGE DENSITY

of possible magnetism or nonmag- FIG. 1. Charge density..versus distance
netism as a function of inter- from nucleus for two atoms at
atomic separation across the entire their nearest neighbor separa-
periodic table. In particular, high tion in the solid.

pressure invariably decreases the

value of o (see Fig. 2 for the effect

of 1 'Mbar) and thus will eventually push any magnetic system to a non-magnetic
state when a becomes less than 3.2.

RARE-EARTH ELEMENTS

The members of the 4f-series are the most successful in retaining their
atomic magnetism after condensing into a solid (Ce, Pr, Nd, Pm, Eu, Gd, Tb,
Dy, Ho, Er, and Tm remain magnetic, a 100% success quota). The rare earths
also possess the largest values of a« of all elements, which reflects the
negligible orbital overlap and the well-localized and stable nature of the
magnetic state. It would, therefore, be expected that under pressure the
rare earths would show the richest magnetic behavior of all elements. From
Fig. 2 it can be inferred that even pressures near 1 Mbar would not be
sufficient to force the value of a below the critical value a. = 3.2.

This, however, by no means implies that the rare earths are magnetically
inert under pressure. Upon condensing into a solid, most rare earthsundergo
an increase of valence (divalent-to-trivalent) arising from the promotion of
one electron from the local magnetic 4f-shell into the (spd)-conduction band
(Eu and Yb are exceptional and remain divalent in the solid). When an
electron comes out of the local 4f-shell the increase in kinetic energy and
reduction in exchange energy is more than offset by the increase in inter-
atomic binding energy and the decrease in the electron-electron repulsive
energy in the 4f-shell. The rare earth ion contracts when the valence
increases which implies that high pressure, because it always causes a
volume decrease, must always generate an increase in valence, a shifting of
electrons out of local states into band states. Under pressure, therefore,
one electron after the other should be squeezed out of the local 4f-shell
(for Gd 4f7 + 4f% + 4f5) until finally the 4f-orbital overlap between
neighboring ions is sufficiently large so that a 4f-band is formed. Such
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FIG. 2. Value of ratio a = ﬁss/Rmo defined in Fig. 1 for all
elements in periodic table with Z < 98. @. = 3.2 separates
magnetic from nonmagnetic elements in a condensed phase.

a local-to-band transition can be characterized as a Mott-transition in the
4f-shell. As is discussed below, such a 4f-band must be sufficiently narrow
if it is to support band magnetism. The last rare earths to give up their
local 4f-state in favor of a 4f-band state should be Yb or Iu under the pres-—
sure of many Mbars. Initially Yb and Lu will undergo a 4f!% » 4f13 transi-
tion and develop a local moment. A similar partial emptying of the 4f-shell
at high pressures would seem possible at the beginning of the 5d-series.
Other elements such as Dy would have a magnetic 4f9—to—magnetic 4f8 transi-
tion under pressure, whereas Ce (Eu or Gd) would have a magnetic 4fl! (4£7)

to nonmagnetic 4f0 (4£®) transition.

Valence changes have been recently investigated using the Lirr~
absorption technique in Yb to 300 kbar [8], in SmS, EuPd Siz, TmSe, and
YbAl, to 30 kbar [9] and SmS to 10 kbar [10]. In the last work [10] the
pressure dependence of the Sm-S separation was determined from the EXAFS
oscillations. Such studies exemplify the increasing sophistication of high
pressure investigative techniques. Extensive low temperature electrical
resistivity studies on the valence instability of Pr to pressures approach-
ing 300 kbar have been reported by Wittig [11] which are vital to the under-
standing of the nature of the valence instability in Ce-systems and should
be pursued to even higher pressures. Anomalous low-temperature resistivity
behavior has been reported for Ce and Eu Chevrel ternaries [12] . Low
temperature high pressure studies of the magnetic susceptibility are of
particular importance to understanding mixed valence phenomena. These
studies include work on Ce-compounds such as CeRhPt, CeNizGe2 [13] and CeSn3
[14]. The susceptibility decreases under pressure at all temperatures
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reflecting the demagnetization of the Ce 4f-state. In particular, the work
on CeSn g [14] extends the previous work of Lawrence [15] on CeSng_,In,
compounds to still higher values of the fluctuation temperature Tg¢ and
underscores the universal behavior of the "effective moment" as a function
of T/Tsf. Such work points to an underlying simplicity in the

potentially very complex mixed-valence problem. Magnetization studies to
much higher pressures are needed here. In this connection I mention the
recent work of Allen and Martin [16] which proposes a model of the y-a
transition in Ce based on the binding energy of the Kondo state. Because of
the extremely rapid increase in this binding energy with pressure [17], the
volume collapse may be self-supporting and lead to a first order transition,
as observed. The prediction from this model that the first order region of
the P-T phase diagram be bounded by two critical points has recently
received experimental verification [18]. 1In this context I also point out
that Liu and Ho [19] have recently proposed that strong d-f correlation in
Ce-compounds can lead to a localized impurity state which can account for
Kondo-like resistivity anomalies without invoking spin-flip scattering.

Particularly fascinating are studies of the effect of valence
instabilities on magnetic ordering phenomena. Previous studies of high
anomalous Anderson lattice-like behavior in T_ (P) for the compound CeAg
[20] have recently received further clarification through high pressure
neutron scattering experiments [21]. A simple decline in the magnetic
ordering temperature T, with pressure is found in CeMg and CeZn [22], CeCd
[23] and CeIn3 [24]. Of particular immediate interest is the recent
discovery by Dhar et al. [25] that the ternary compound CeRh3B, orders
feromagnetically at 115 K, by far the highest ordering temperature of any Ce
compound, whereas LaRhjB, is superconducting [26]. The question is whether
this highly anomalous ferromagnetism arises from a mixed valent state of the
Ce or is perhaps associated with the Rh sites. Very recent high pressure
magnetization studies by Shaheen et al. [27] find that the Curie temperature
of CeRhjB, increases initially with pressure at the very moderate rate
oT./8P = +0.2 K/kbar. This would speak against valence instabilities in
Ce as being responsible for the enormous value of T,, but rather that the
Rh sites are of primary importance.

Valence instabilities in Ce are particularly interesting. The sizeable
value of its ratio a = 5 would suggest that it will probably demagnetize by
promoting the 4f l-electron into the conduction band before the Mott
transition takes place. A renormalization (decrease) of its value of a due
to increased screening in the solid is likely, but it would seem probable
that this reduction is small. We note that the 4f-orbital extent of Ce
decreases by only 3% when it is triply ionized [5], reducing the screening.

ACTINIDES

The members of the 5f-series are, next to the rare earths, the second
most successful series in retaining their atomic magnetism after condensing
into a solid (Cm, Bk, Cf, Es, Fm, and possibly No remain magnetic, a 70%
success quota). Since for the light actinides Pa, U, Np, and Pu the value
of « is less than 3.2, the overlap of neighboring 5f-orbitals would be
expected to be too broad to sustain magnetism. Indeed, these orbitals make
substantial contributions to the binding energy of the solid [28,29].
Beginning with Am, however, the radial extent of the 5f-orbital has
contracted sufficiently that a local magnetic 5f-state is favored. Note
that for the heavier actinides a > 3.2. Am itself is nonmagnetic because it
happens to have a 5£6 (J=0) state. In the next heavier actinides, the
proximity of a to the value 3.2 would lead one to expect that under pressure
a 5f local + 5f band transition would occur. In Am a dhcp + fcc structural
phase change occurs at ~ 100 kbar [28,30] which may be associated with the
local-to-band transition. Although the S5f-orbitals in pure Np are
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delocalized (5f-band), forcing them further apart by placing them in a
compound could lead to greater 5f-localization and, possibly, a magnetic
moment. Such behavior has been observed in NpOs, and NpAl, compounds where
a strong decrease in the isomer shift, the hyperfine field and the ordering
temperature is observed as the 5f-orbital delocalizes under pressure [31].
The heaviest actinides Es, Fm, Md and No may well behave under pressure in
analogy to the rare earths where one or more f-electrons are promoted to the
(s,p,d)-conduction band before a f-band is formed. The actinides are of
paticular interest because they bridge the gap between the 4f- and 3d-series
and offer the possibility, as seen above, to study the important local +
band or Mott transition in an accessible pressure range < 1 Mbar.

TRANSITION METALS

The members of the 3d-series are, next to the rare earths and
actinides, the third most successful series in retaining their atomic
magnetism after condensing into a sblid (Cr, Mn, Fe, Co, and Ni remain
magnetic, a 63% success quota). All further series are nonmagnetic. The
only other element in the periodic table remaining magnetic is oxygen. The
magnetism of the above five transition metals is generally believed to be
itinerant in character which is consistent with the proximity of their
values of a in Fig. 2 to the critlcal value a. = 3.2. Note that the
actinides to the right of Pu have comparable values of a but are considered
to support local moment magnetism. The exact critical value of a for the
changéover from local moment to itinerant magnetic behavior could certainly
differ somewhat from series to series. It is indeed quite remarkable that a
single critical value a. = 3.2 seems to define the border between atomic
magnetism and nonmagnetism for all elements except Cr and oxygen in the
periodic series. The stability of the itinerant magnetism is strongest for
Ni and becomes progressively weaker for the lighter transition metals Co,
Fe, Mn, and Cr. This is reflected by the fact that the relative decrease of
the saturation moment with pressure increases from Ni to Fe, in agreement
with the predictions of theory [32,33]. In addition, the Neel temperature
of Cr decreases relatively rapidly with pressure, reflecting the fragility
of its magnetic state. The increasing magnetic instability as one goes from
right to left in a given series in the periodic table arises simply from the
increasing extent and overlap of neighboring magnetic orbitals which is
reflected in the decreasing value of a. In the 3d-series the increasing
overlap going from right to left leads to ever broader bands. For free
electrons bands the band width W increases with decreasing sample volume at
the rate W ~ V~2/3 yhereas the Coulomb interaction goes as U ~ v™1/3, ¢
thus becomes with decreasing V (whether caused by pressure or going from
right to left in a series) increasingly difficult to fulfill the simple
Stoner criterion for band ferromagnetism, which takes on the form u/w > 1,
assuming N(Ep) = 1/W. Similar arguments are believed applicable to a d-
band element where now W ~ V- 9/3 [34] so that the rate of band broadening is
considerably more rapid than for free electrons. In short, under pressure
the rate of band broadening normally predominates over the increase in the
Coulomb (exchange) interaction and band magnetism is inevitably destroyed.
Analogously, the d-bands of the 4d- and 5d-transition metal are too broad to
support itinerant magnetism, as are the many s, p-elements in the periodic
table. If, however, some broad band elements are placed in a compound, it
is possible that their bands will narrow sufficiently for magnetism to
occur. Indeed, Sc3In, TiBel.BSC“.ls and Zan2 are ferromagnetic. The
question naturally arises whether s-d or p-d transfer under pressure could
conceivably partially fill an initially empty narrow d-band, thus generating
magnetism. Such transfers are anticipated from band structure calculations
for I, La, Xe, Ba, and other elements [35]. It would seem likely, however,
that for pressures high enough to effect a partial filing of the d-band this
band would have become far too broad to support magnetism. Although this
should be checked with theory, it would seem probable that applying pressure
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will inevitably destroy itinerant magnetism but is not capable of creating
it. This contrasts with the much more varied behavior in the rare earths
where pressure can both create and destroy local moment magnetism.

For simplicity the preceding qualitative discussion treated local
moment magnetism and band magnetism as two separate entities, although a
continuous crossover from one to the other is possible under high pressure.
A simple theoretical model was introduced 20 years ago by Hubbard [36] which
contains the essential features necessary to yield both bandlike and
localized behavior in suitable limits. Figure 3 summarizes an approximate
solution [37] to the Hubbard Hamiltonian as adapted to the present context.
Whereas according to
Stoner Theory U/W > 1 and
SR e D e acie Loca, HUBBARD MODEL (SSTATE)
criteria for magnetism, in MOMENT H
the more realistic Hubbard y
model the region of the 3617 —15,? Sm(4f)
phase diagram where magnetism T _réks
occurs have been reduced. 10
An antiferromagnetic phase $i
is also predicted. Applying W
pressure will reduce U/W and 8
move a given system vertically
downward in the phase diagram
since the number of electrons 6
p doesn't change within a one
band model. The transitions P 4
from local to itinerant and
from magnetic to nonmagnetic
behavior under pressure can 2=
be conveniently followed —13 Nb(4d)
using Fig. 3. To link this | 5d
diagram to Fig. 2 we have @] =2 S.p
also given values for «o O I 2 !

from the relation a = 2.8 ITINERANT
(u/w) 175, where we assume U PmELECTRONS/ﬁTOM]

constant, W ~ V‘5/3 and

require o = 3.2 when U/W = 2.

The rough location of the FIG. 3. Magnetic phase diagram derived
elements in the periodic table from the s-state Hubbard

on the ordinate of Fig. 3 can model. Both ferromagnetic F
now be estimated from the values and antiferromagnetic AF

of a from Fig. 2. behavior is possible.

X

4  Cf(5f)

—135 Fe(3d)

Turning now to some recent results in studies of magnetism in the
transition metals, I remind the reader that the atomic volumes and
compressibilities of the magnetic 3d transition metals are too large and the
crystal structures of Mn, Fe and Co differ from those anticipated from their
nonmagnetic 4d and 5d counterparts [33]. The magnetic state is clearly
making important contributions to the total free energy to force these
elements to take on the wrong structure! It is generally accepted that the
bce + hep structural transition at 170 kbar and 0 K in Fe arises from the
reduction in the magnetic contribution due to the band broadening under
pressure. Above 170 kbar Fe takes on the crystal structure it should have
had if no magnetism were present. Indeed, the hcp phase of Fe shows no
magnetic order down to temperatures as low as 30 mK [3B]. Using the single-
site spin-fluctuation theory of band magnetism, Hasegawa and Pettifor [39]
have recently succeeded in demonstrating that the magnetic contributions to
the free energy can also account for the phase changes in Fe at finite
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temperature and, in fact, throughout the T-P phase diagram. Hasegawa has
also applied this theory to the spontaneous volume magnetostriction and the
pressure dependence of the Curie temperature in itinerant electron magnets
[40] and Invar alloys [41]. Wohlfarth has repeatedly emphasized that a
sizeable number of itinerant ferromagnets possess a Curie temperature which
decreases under pressure at the rate 3Tc/3p = —A/Tc [42] . He goes on to
argue on theoretical grounds that marked deviations from this law may be
taken to indicate that the system is structurally or magnetically
heterogeneous. It will be a long time before good metallurgical studies can
be replaced by such comparisons between theory and experiment, but his
suggestion deserves further study. Wohlfarth has also recently reviewed
recent developement in the magnetoelasticity of ferromagnetic metallic
materials [43].

Recent experimental results under high pressure on transition metal
magnets include Mossbauer studies of ferromagnetic (Fe,Ni =)
(Metalloid) metallic glasses [44], resistivity and magnetization studies of
ferromagnetic Y-Co compounds [45], magnetic properties of Er¢(Fe,Mn)
compounds [46], phase diagram of metamagnetic Ni(NOa) *2H,0 [47], Curie
temperature of rare-earth 3d-transition metal compounés [38], magnetism and
crystallographic distortion in_[IJFel_anx}z [49], and the Morin
transition and atomic positions in Hematite under pressure [50]. The above
studies serve to illustrate the breadth of current activity on transition
metal, systems.

Moving now in Fig. 2 to the lighter 3d- and 4d-, 5d-elements whose
values of a are too low (bands too broad) to support magnefism, we note that
their d-bands would normally narrow if their interatomic separation could be
made to increase. The alloy TiBe2 is strongly exchange-enhanced and
stretching the lattice by substituting 7% of Be with Cu does indeed induce
ferromagnetism. That the itinerant ferromagnetism in TiBe1-85cu-15 is
not simply a volume expansion effect but also involves important chemical
charge transfer effects is shown by recent high pressure susceptibility [51]
and magnetostriction work on TiBe2 [52] .

Thin layers of Pd stretched between alternating layers of Au in
metallic sandwiches have been reported [53] to display near—ferromagnetism;
because for Pd UN(EfJ = 0.9, ferromagnetism is expected if the stretching
is sufficient to increase UN(Ef) by 11%. High pressure susceptibility
studies on Pd, however, have shown that UN(Eg) for Pd in the Bu sandwiches
would only be expected to increase by about 0.5% for a 7% volume stretch
[53]; band structure calculations, in fact, reach a similar result [33]. A
~ 150% volume expansion would, therefore, be needed to induce ferromagnetism
in Pd. Related calculations indicate that nonisotropic or even two-
dimensional strains should have a much larger effect than isotropic strain
[54] . Although experimental and theoretical studies of metallic
superlattices are but in their infancy and agreement is, at best, tentative,
this is obviously an area where high pressure studies can shed light on the
physics behind the often highly anomalous properties of such systems.

SOLID 3He

A paper on magnetism at high pressures would not be complete without
mentioning the extraordinarily difficult and fascinating experiments on
solid 3He which orders antiferromagnetically at Ty = 1.0 mK at 24.2
cm3/mole molar volume. The decrease of Ty [55] or the Weiss temperature 8
[56] under pressure is extremely rapid, in fact, Ty or 6 ~ vi8y 1n solid
3He the spins are not atomic but nuclear and the magnetic interaction does
not arise from exchanging electrons but from exchanging whole 3He atoms
[57]. 1In addition, the Heisenberg type pairwise exchange is not sufficient
to explain the experimental results, but three-atom and four-atom exchange
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processes are required [57]. The large volume dependence of all magnetic
properties arises from the exponentially rapid decline of the ability of a
3He atom to tunnel through to a neighboring site with decreasing sample
volume. Pressure is obviously a very relevant parameter in studies of the
magnetism of this quantum crystal.

EXPERIMENTAL

Certainly one of the most powerful experimental techniques for studies
of magnetism under pressure involves the combination of a magnetically pure
(for example, binary CuBe) piston-cylinder pressure vessel with a sensitive
Faraday balance magnetometer. In an improvement over an earlier design
[58], we utilize a large NbTi superconducting magnet to generate a magnetic
field up to 7 tesla at 4 K; the axial symmetry of the magnet makes possible
fulfillment of the constant force condition to better than 1% over the 2"
length of the 100 g pressure clamp. @This magnetometer is suitable for
studies of the magnetization to pressures to ~20 kbar of very weakly
magnetic substances such as organic metals [59] as well as systems which
order magnetically. The two principal limitations of the Faraday balance
system are the relatively low attainable pressures and the inability to
achieve high sensitivity at low fields.

The diamond-anvil pressure cell is being currently applied to ever
widening classes of experimental investigations [60]. 1It's full potential
for studies in magnetism has, however, not yet been realized. The price for
the very high pressure range is the minute sample size (few pg). In Fig. 4
is shown a diamond anvil pressure cell I recently designed which is suitable
for studies of magnetism and superconductivity. This cell grew out of the
original design of Webb et al. [61]. It is constructed entirely of hardened
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Cu-Be alloy with all parts near the diamonds out of pure binary CuBe alloy.
The upper flange mates to the mixing chamber of a S.H.E. dilution refrigera-
tor. The x-y and hemispherical-rocker diamond adjustment design is from
Piermarini and Block [62]. The diamonds are forced together using a double-
diaphragm He gas loaded device developed by Daniels and Ryschkewitsch [63].
Use of suitable gasket and diamond-backing materials should allow the
generation of pressures in the Mbar range. The heart of the detection
system, which is not shown in Fig. 4, is an astatically wound NbTi pick-up
coil connected to a S.H.E. SQUID device wound on a form just outside the
pressure gasket. The sensitivity is such that the Meissner effect in
earth's field (~0.4 Oe) can readily be detected from a Sn-sample with mass
appreciably below 1 ug.
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