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Magnetic Susceptibility of Cerium Metal Under Pressure
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The demagnetization of the 4f state of metallic Ce as function of pressure was studied
by magnetic susceptibility measurements. In contrast to the P and p phases, the col-
lapsed o. phase does not show a local moment but exhibits instead a strong local exchange
enhancement of the susceptibility. The susceptibility decreases linearly with increasing
pressure in our measuring range and is estimated to decrease by 80% between the bound-
aries of the magnetic and the superconducting phases. The results are consistent with
the Anderson model of local moment formation over the entire range of interest of the
parameter &~-EF.

In the P and y phases cerium exhibits an effec-
tive moment very close to the value of the singly
occupied 4f shell, and the P phase undergoes an
antiferromagnetic transition at 12.5'K. ' On the
other hand, in the e' phase above -50 kbar, Wit-
tig found superconductivity at 1.8'K. ' Since cer-
ium is the only metal known to have a magnetic
and a superconducting phase, it is of paramount
interest for studies of local moment formation
and the interplay of magnetism and superconduc-
tivity, especially in the intermediate o. phase.

%e have developed a technique to measure
small paramagnetic susceptibilities under pres-
sure allowing, for the first time, unambiguous
magnetic studies of the n phase. Our results
are consistent with a demagnetization of the lo-
cal 4f state on the Ce atom according to the
Friedel-Anderson model' which has been applied'
to Ce with the assumption that the energy of the
local 4f level E~ moves upwards with respect to
the Fermi level EF when the pressure increases.
It seems that Ce is suitable for quantitative ex-
perimental and theoretical studies of many as-
pects of the Friedel-Anderson model over a very
wide range of the fundamental parameter E&-EF.

The samples were arc melted from ingots
(Johnson-Matthey batch No. 269, nominal purity
99.99%) in an argon atmosphere and machined in-
to cylinders. They were annealed at 300'C for
about 5 h, fitted into Teflon jackets, and pressur-
ized in a small clamp (1.2 by 0.6 in. in diameter)
made of very pure BeCu. The magnetic moment
of this assembly was measured as a function of
magnetic field (0 to ll kG) and temperature (0.38
to 300'K) in a Faraday magnetometer described
elsewhere. ' The large diamagnetic moment of
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FIG. 1. Pressure dependence of the magnetic sus-
ceptibi1ity of cerium at room temperature. The inset
shows the linear extrapolation of the measurements in
the n phase to the n~ phase boundary. The extrapo-
lated susceptibi1ity at 50 kbar is comparable with the
susceptibilities of the quadrivalent transition metals
Hf and Th.
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the fairly massive clamp was compensated by a
strip of pure Ta sheet of suitable length which
was wrapped around its diameter. The residual
magnetic moment of the empty clamp assembly
was measured separately as a function of field
and temperature. The absolute accuracy of the
susceptibility, after correction for the clamp, is
about 1%, whereas the relative accuracy (be-
tween changes of pressure) is 0.3 /g.

Figure 1 shows the pressure dependence of the
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FIG. 2. Temperature dependence of the differential
susceptibility of n-Ce at 8 kG and 10 kbar. A correc-
tion for a small concentration of paramagnetic impuri-
ties is indicated by the dashed line. The inset empha-
sizes the vveak temperature dependence of the nonmag-
netic u phase by a comparison with the P phase.

susceptibility of Ce at room temperature. The
values represent the slopes of the magnetization
curves (differential susceptibility y = dM-/dH) at
8 kG. A drastic drop of the susceptibility coin-
cides with the well known y-to-o. phase transi-
tions near 7.6 kbar and shows qualitatively the
same hysteresis in pressure as the sample vol-
ume monitored during the application of pres-
sure. There is an appreciable decrease of g
with increasing pressure in both the y and cr

phases. In the n phase this decrease is 20% be-
tween 8 and 18 kbar and is linear in pressure
within experimental accuracy. It extrapolates,
at 50 kbar, to y = (85+ 15)x10 ' emu/mole, sug-
gesting that the susceptibility might drop by
about 80% between the magnetic and the super-
conducting phase boundaries. The scatter of the
data is due to uncertainties in the pressure.

Figure 2 shows the temperature dependence of
the differential susceptibility of a-Ce at 10 kbar.
It is nearly temperature independent above 100'K
but shows a low-temperature rise with a, small
maximum near O'K. The overall temperature de-
pendence is very weak compared with that of the
P phase, ' suggesting that n Ce is b-asically a
Pauli paramagnet, i.e., that there is no local
magnetic moment in this phase.

In order to determine whether the low-tempera-
ture tail is intrinsic or due to magnetic impurit-
ies, a mass spectroscopic analysis was per-
formed on the sample of Fig. 2, ' which yielded a
total rare- earth-impurity saturation magnetiza-
tion of 5.3 x10 ' emu/mole Ce (assuming the mo-
ments of the three-valent ions), in fairly good

agreement with our value of 7.5x10 ' emu/mole
Ce obtained from magnetization curves at 0.4'K.
The direct magnetic measurement is considered
more reliable, since the mass spectroscopic
analysis suffers from large uncertainties in the
absolute determination of the impurity concentra-
tion. The differential susceptibility of the impur-
ities was calculated as a function of temperature,
using the relative impurity concentrations from
the analysis. It was then scaled with our satura-
tion moment and applied as a correction to the
sample susceptibility, as indicated by the dashed
line in Fig. 2. This correction removes the max-
imum at 3'K. (The maximum, incidentally, may
definitely not be regarded as an indication of anti-
ferromagnetic ordering. It does not occur in the
direct susceptibility lr=M/H. A maximum is ex-
pected between 1 and 3.5 K in the differential sus-
ceptibility of rare-earth ions in a field of 8 kG. )

Clearly, most of the rise of the susceptibility
below 100'K is not due to magnetic impurities.
At this point, it is uncertain whether it is an in-
trinsic property of e-Ce or whether it is due to
the presence of some residual P- or y-phase ma-
terial (1-2%). We favor the first possibility for
various technica.' reasons.

Although n-Ce carries no local moment, it has
very unusual magnetic properties. From the
available electronic specific-heat data' one finds
for the unrenormalized exchange enhancement

„,/y~ either 8 or 4.2, depending on whether
one regards the low-temperature rise as intrin-
sic or not. This exchange enhancement and the
molar susceptibility itself are very large and
only comparable with Pd in the periodic system.
The strong exchange enhancement explains the
absence of superconductivity in this phase"
(above 0.3'K at 10 kbar). On the other hand, at
the n-n' phase boundary, the room-temperature
susceptibility extrapolates to a rather low value
which is very close to that of Th (g = 88x10 '
emu/mole) and Hf (g =75x10 ' emu/mole), the
two four-valent superconducting transition met-
als which are most closely related to four-valent
Ce. Thus, at high pressure, n-Ce behaves like
a normal transition metal, whereas at low pres-
sure the presence of the 4f level is still felt
strongly.

The large exchange enhancement suggests that
there might be considerable changes of the mag-
netic moment of dilute rare-earth impurities in
n-Ce due to conduction-electron polarization, in
analogy with the cases of Gd in Pd" and Sc."
%e have therefore studied the temperature depen-
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dence of the susceptibility and, in particular, the
saturation magnetization at 0.4'K of 0.59% of Gd

in e-Ce at 10 kbar. We find a Curie-Weiss law
and a saturation moment of (7.3 a 0.2) p. z per Gd

impurity, very close to the value of ferromag-
netic Gd itself. Thus there is no unusual conduc-
tion-electron polarization. We interpret this to
mean that the large exchange enhancement is on

local, not itinerant, electrons.
The behavior of the susceptibility of Ce as a

function of pressure and temperature can be un-
derstood in terms of the Friedel-Anderson mod-
el' for localized magnetic states in metals. This
model, although originally designed for dilute
impurities, was applied to the 4f state on the
ions of Ce metal by Coqblin and Blandin4 who ar-
gue that because the spatial extent of the 4f shell
is one order of magnitude smaller than the lat-
tice constant of the rare-earth metals, the width
of a hypothetical 4f band due to overlap of neigh-
boring 4f shells is not only much smaller than
the width of the es and 5d bands, but seems to be
even smaller than the broadening of the 4f state
in a single cell due to interactions with the con-
duction electrons (i.e., smaller than the width of
the virtual bound 4f state). This view has recent-
ly received support from experiments with Ce
impurities in La, Th, and related metals" which
show a Ce 4f virtual level width of about 10 ' eV
coinciding with estimates of the width of the 4f
states (or 4f band) in metallic Ce."" Thus, the

4f bandwidth in metallic Ce is either equal to or,
more probably, smaller than the virtual level
width of the 4f state. In the latter case, the
Friedel-Anderson model is applicable, since
each cell is representative of the whole metal.

The 4f level in question is the sixfold-degener-
ate J = 2 state. " The position of this level is as-
sumed to be raised with respect to the Fermi lev-
el when the volume of the cell is decreased. In
the magnetic P and y phases the six sublevels are
assumed to be split by the intra-atomic Coulomb
interaction and exchange, one state lying below
and the other five above the Fermi level. With
decreasing cell volume, their center of gravity
moves upwards with respect to the Fermi level,
causing a slight and gradual depopulation of the
lowest state. This leads to a slight decrease of
the moment on the shell. At the P nor y-o. -
phase transition, the 4f shell demagnetizes
abruptly. (The fact that this transition is of first
order at room temperature has been explained
with the presence of orbital moment by Coqblin
and Blandin. ')

In the a phase, all six J=2 sublevels are de-
generate and partially filled, resulting in a high
density of states at the Fermi level, a large but
only weakly temperature-dependent Pauli sus-
ceptibility, and a large electronic specific heat,
which can be estimated on the basis of this mod-
el: Several authors" estimate the valence of a-
Ce to be -3.7. Assuming a Lorentzian shape of
the 4f level and a level half-width of 10 ' eV,""
one obtains y = 5 to 11 m J/mole 'K' for the con-
tribution of the 4f level to the electronic specific
heat, with 0.2 to 0.3 4f electrons per Ce atom at
10 kbar and 0 K. This is the order of the differ-
ence between the electronic specific-heat coeffi-
cient measured in o.-Ce (y=10 mJ/mole 'K') and
the four-valent metals like Th (y = 4.9 m J/mole
K') and Hf (y =2.40 mJ/mole 'K').

The Friedel-Anderson model also makes pre-
dictions on the character of the exchange en-
hancement of n-Ce. As long as there is appreci-
able local character of the conduction electrons
near the Fermi level, i.e., as long as there is
appreciable occupancy of the degenerate 4f
states, there will be intra-atomic Coulomb re-
pulsion, which, although it is no longer able to
split the sublevels as in the P and y phases, will
still generate local exchange enhancement. Rais-
ing the pressure (or lowering the temperature)
results in a further gradual upward shift of the
4f level, depopulating it in a continuous manner
until its effect, including the exchange enhance-
ment, becomes negligible, i.e., until Ce becomes
a truly four-valent metal.

Clearly, the Friedel-Anderson model describes
correctly a large part of the observations up to
high pressures. However in this model no first-
order transition is needed to end up in a super-
conducting phase. Since such a transition seems
to take place near 50 kbar, "further experimen-
tal studies of Ce in this region will be very inter-
esting, but K.ave to await progress in experimen-
tal technique.
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Coincidenco experiments indicate that (P, np) reactions on Zr and Sn i leave the res-
idual nuclei in their ground states, whence neutron spectra can be deduced from mea-
surements of proton spectra. Results are very different for the two nuclei. Analysis
indicates that the variation of 0;—the cross section for the inverse process-is larger
than expected and in opposite directions for the two nuclei.

The measurement of neutron, energy spectra in
the region below 1 MeV has always been a diffi-
cult experimental problem, whence data are gen-
erally cut off somewhere above -0.7 MeV. Unfor-
tunately, the energy region thereby eliminated is
one of high interest since it includes the maximum
of the distribution and the part of the spectrum
with the most rapid energy variation.

In this Letter we report determinations of these
spectra by a different technique: measurements
of the proton spectrum from (P, nP) reactions. If
the bombarding energy is below the threshold for
(P, 2n) but still far above the threshold for (P, nP),
the latter reaction should result from virtually
every (P, n) reaction. If the nucleus formed in
the (P, nP) reaction is always left in its ground
state, there is a one-to-one correspondence be-
tween the energies of the emitted neutron E„and
proton E~ since

E„+E~=E; +Q+E„,

where F-; and E„are the incident and recoil ener-
gies and Q has its usual meaning. E„ is virtually
independent of the angle of neutron emission if
F-„ is small; hence a measurement of F~ deter-

mines F-„. In general this method is not usable
since the final nuclei are not 1eft in their ground
states, but two nuclides have been encountered
in which they are.

The evidence for this is shown in Fig. 1 which
was obtained from coincidence detection of the
neutrons and protons' from (P, nP) reactions on
Zr" and Sn'". It shows the energy distributions
of protons emitted in coincidence with neutrons
of various energies, and in both cases there is a
strong peak corresponding to the final nucleus be-
ing left in its ground state. In the Zr' reaction,
the two lowest-energy excited states are ~ at
0.6 MeV and ~ at 1.1 MeV, and there is no indi-
cation that these are appreciably excited (The.
counts in this region may be due to scattered neu-
trons from the ground-state transition. ) This is
in accordance with expectations since the ground
state is ~', and there is good theoretical as well
as experimental reason to believe that higher an-
gular momentum and lower energy states are
preferentially excited. ' One can therefore be con-
fident that for at least -1.2 MeV beyond the thresh-
old, there is an accurate correspondence between
the proton and neutron energies from (P, nP) re-


