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states proposed by RG.
In the range 650 &T &1210 K, the configurations of

Co~ and CoII sublattices would be Co~ Co& Co~'" Co&
+

and Co~
+

Co& Co ' Co„, respectively. At 650 K,
d= 0. The preferential excursions of La~ ions towards
CoI found by BG in the 650 &T &925-K range in b &d;
the Co~-0 and CoII-0 separations are similar in this
temperature range. Further, in this temperature
range, it is likely that a= b+c+d, so that the e~ elec-
trons spend equal time at all Co ions, a behavior which
is reasonable near the LI transition, As T—1210 K,
b = d= 0, and the La + ions are midway between the CoI
and CoII subarrays. When T &925 K, a&c and the

CoI-0 separation should be smaller than the CoII-0
separation, as observed by RG (Ref. 1). At T- 1210 K,
the configurations of the two cobalt sites are likely to

~ 2 )u~ 2 ) i/2-a and ~ 2 )a~ 2 )'I/2-o'
This is consistent with our Mossbauer results, ex-

cept that we find that ordering occurs after the trans-
fer of a-bonding d electrons from Co 3' to Co ions.

GdCo03 shows transitions around 500 and 980 K, the
latter corresponding to the LI transition. Our results
on GdCo03 significantly differ from those of A. Casalot,
P. Dougier, and P. Hagenmuller [J. Phys. Chem. Solids
32, 407 (1971)], who failed to see the first-order tran-
sition at 980'K.
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We have investigated the effect of hydrostatic pressure on chromium-rich iron alloys
with Ru and Mn additions. The results show that addition of Fe to Cr rotates the com-
mensurate-incommensurate phase boundary and causes the reversal in the ordering se-
quence of the magnetic transitions observed in Cr-Fe alloys. Many other anomalous
characteristics of Cr-Fe alloys are explained.

The itinerant antiferromagnetic transitions in
chromium-rich alloys containing a wide variety
of transition metals have been studied extensive-
ly at atmospheric pressure' ' and also at high
pressure. ' ' Qf these, the behavior of Cr-Fe
alloys' '"'" is unique and also poorly under-
stood. The anomalous situation with regard to
Cr-Fe alloys" is the following: (1) the lower-
ing of TN when Fe is added; (2) the appearance
of only the incommensurate (I) phase at low Fe
concentration (&2%); (3) the appearance of the
commensurate (C) phase at higher concentration
of Fe, but at a lower temperature than the I
phase; (4) the sharp and large resistivity rise
(Ap/p= 40%) at the I-C transition; and (5) the
presence of local magnetic moment on Fe, which
is only weakly coupled to the antiferromagnetic
(AF) state of Cr. In this study we have investi-
gated, under pressure, Cr-Fe alloys with Ru or
Mn additions. The important finding is that a
triple point between paramagnetic (P), I, and C

phases exists in Cr-Fe alloys as in Cr-Mn or
Cr-Ru alloys, "but the addition of Fe to Cr twists

the I-C phase boundary and reverses the magnet-
ic ordering sequence P-C-I observed in the latter
alloys. " It is suggested that the sharp resistance
anomaly at the I-C transition and the progressive
loss of sharpness' ''2 with pressure may be due
to the closeness of the latter to the P-I transition
at low pressure, and their separation at higher
pressure.

Hydrostatic pressure was generated as described
earlier. " The resistivity anomaly was used to
follow the transitions. Figure 1 shows the resis-
tivity as a function of temperature at various
pressures, for Cr-3/0 Fe—0.5% Ru. In the inset
the resistivity-temperature data for Cr-3% Fe is
shown. " The addition of 0.5% Ru ha, s raised the
TN by 125, and has broadened the sharp resistiv-
ity anomaly seen in Cr-3% Fe alloy. We believe
this transition to be the P-C transition. When
pressure is applied, TN falls at a rate of about
15'/kba. r. In the range 9-11kbar the resistance
anomaly becomes almost as steep as that seen for
the I-C transition in Cr-3% Fe alloy and has a
clearly identifiable inflection point, which we be-
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FIG. 1. Resistivity anomaly of Cr-3% Fe-0.5% Ru

alloy at various pressures. The curves have been given
arbitrary displacements for clarity. Inset illustrates
the resistivity-temperature behavior of Cr-3% Fe al-
loy.

lieve is associated with the occurrence of the I-C
transition. At high pressure this steepness is
lost, as in Cr-3% Fe alloy. Similar results are
obtained for Cr-3/0 Fe-1/0 Mn. We identify the
inflection point of the steep resistivity anomaly
(see Fig. 1) as the I-C transition temperature
and the minimum as the TN of the P-I transition.
The minimum observed at lower pressures (be-
low 8 kbar) is taken to be the TN of the P-C tran-
sition. In Fig. 2 the pressure-temperature data
are plotted. The resulting phase diagram shows
the stability regions of the P, I, and C phases
and the triple point. The sharp peak in slope at
about 8 kbar and the values of dTN/dP are consis-
tent with the identification of the phase boundary
up to 8 kbar as the P-C transition and the bound-
ary between 8 and 18 kbar as that of the P-I tran-
sition. The slope of the I-C boundary cou1.d not
be determined as well, because of the disappear-
ance of the steep resistivity anomaly and the a,s-
sociated inflection point, rapidly with increasing
pressure. The dashed line is therefore only ap-
proximate. However, it is a thermodynamic ne-
cessity that the slope of the I-C boundary should
be greater than that of the P-C boundary.

In the inset (a) to Fig. 2 we present the phase
diagram of Cr-3% Fe alloy. " If the phase bound-
aries P-I and I-C are extrapolated, as shown by
the dashed lines in the diagram, they meet at a
triple point in the negative pressure region near
—1.5 kba, r. Earlier experiments on Cr alloys

FIG. 2. I'-T diagram of Cr-3% Fe-0.5Vo Ru alloy.
The insets show phase diagrams of Cr-3% Fe and Cr-
0.6Vo Ru alloys.

have established that adding a nonmagnetic tran-
sition metal, which increases the number of elec-
trons per atom (e/a), is equivalent to applying
negative pressure. " On this basis, addition of
0.5% Ru is equivalent to about 10 kbar negative
pressure, which then brings the triple point with-
in the positive pressure region (see Fig. 2).

Pressure studies on Cr with Ru and Mn addi-
tions" have shown that a triple-point between P,
C, and I phases exists in the negative-pressure
region for pure chromium. In the inset (b) to Fig.
2 the phase diagram for Cr-0.6% Ru 1s shown. A

comparison of the I-C boundary of this Cr-Ru al-
loy with that of the Cr-Fe-Ru alloys shows that
the addition of Fe to Cr rotates the I-C phase
boundary and changes the slope from positive to
negative. It is this effect which is responsible
for the ordering sequence P-I-C observed (when
temperature is reduced) in Cr alloys containing
more than 2/0 Fe. The above ordering sequence
is different from the one observed in Cr with Ru
or Mn additions. We can now qualitatively ex-
plain the behavior of alloys with lower concentra-
tions of Fe (&2% Fe). With the addition of Fe,
the main effect is the rotation of the I-C phase
boundary towards the P-I boundary. The I-C
transition will appear at atmospheric pressure
only when the I-C boundary enters the positive
pressure region. This would account for the ex-
istence of a critical concentration (about 2% Fe)
for observing the P-I transition.

Thermodynamically the change of slope of the
I-C line means that the addition of Fe has in-
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creased the entropy of the I phase relative to the
C phase. Syono and Ishikawa suggested" that the
entropy of electronic origin in the C phase would
decrease relative to the I phase, since the Fermi
surface truncated by an energy gap of magnetic
origin increases discontinuously at the I-C tran-
sition. However, this argument for the lower en-
tropy of the C phase runs into difficulty in Cr-Mn
and Cr-Ru alloys where the C phase has a larger
entropy, although the antiferromagnetic energy
gap is strikingly larger for the C phase. " It is
well known that Fe forms a local moment of 1.4p. B

in Cr." The presence of local moments would
cause strong scattering, and this may be expected
to have a profound influence on the AF state of
Cr. Since the incommensurate phase is more
sensitive to scattering this would tend to reduce
the stability field of the I phase rather drastical-
ly. This can be realized by rotating the I-C
phase boundary as discussed, thus contributing
to the reversal of the entropy. There can also be
another mechanism that can increase the entropy
of the I phase relative to the C phase. If we as-
sume some coupling of the Fe local moment to
the AF state of chromium (the susceptibility and
Mossbauer data" suggest only very weak cou-
pling), a weak orienting effect on the Fe local
moments follows and this may be expected to be
stronger in the C phase than in the I phase where
the moments at the nodes of the sinusoidal modu-
lation of spin density would be comparatively
free. This will increase the entropy of the I
phase relative to the C phase.

The Fe atoms are believed to contribute 0.5
electrons to the d band of chromium. 4 This
should increase the e/a ratio which in turn should
increase T~. I'er &0+«& a decrease of TN is ob-
served with the addition of Fe to chromium.
However, strong scattering by the Fe local mo-
ment and the consequent depairing effect may be
responsible for the lowering of TN, instead of
the expected increase. Ishikawa, Hoshino, and
Endoh have reported from neutron diffraction
studies that Cr alloys containing more than 4 at. %
Fe show only the commensurate transition.
This, in fact, is to be expected. If the added Fe
contributes some fraction of its electron to the
d band of Cr, the e/a ratio would increase, which
in turn would shift the system to the negative
pressure region. Above a certain concentration
of Fe the e/a ratio increase would have moved
the system past the triple point [see Fig. 2, inset
(a)] and then, only the P-C transition would take
place on cooling.
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FIG. 3. Resistivity anomaly associated with P-l tran-
sition (solid curve) and that of superposed I-C transi-
tion in Cr-Fe alloy (dashed curves).

The resistance anomaly associated with the I-C
transition in Cr-Fe alloy is an abrupt increase
in resistivity of about 40%. The origin of this
anomaly is somewhat difficult to understand sim-
ply on the basis that I-C transition involves a
truncation of additional parts of the Fermi sur-
face. For, in Cr-Mn alloys hardly any resistivity
anomaly shows up in the I-C transition despite the
fact that the antiferromagnetic energy gap is
larger for the commensurate phase. '~ This in
itself is puzzling. Further, in Cr-3% Fe alloys
application of hydrostatic pressure of only 2.5
kbar wipes out the sharp resistivity anomaly' '"
(this of course is perfectly reversible) associated
with the I-C transition. For the abrupt resistivity
anomaly and its disappearance we suggest the
following: The resistivity of Cr-3% Fe alloy,
for instance, would have followed the solid line
shown in Fig. 3 if the P-I transition were the only
transition occurring. However, in Cr alloys con-
taining more than 2% Fe the I-C transition occurs
abruptly accompanied by a sudden lattice expan-
sion (as suggested by Ishikawa, Hoshino, and
Enhoh') and the resistance also jumps at this
point, following the dashed line shown in inset (b).
When pressure is applied, the P-I transition and
the I-C transition diverge from one another be-
cause of the large pressure effect (a factor of 5
larger) on the latter. Now the resistivity would
follow the solid line over a larger temperature
range and then rise abruptly at the I-C transition,
as shown in the dahsed line marked 2 in Fig. 3.
Soon a pressure would be reached where the two
transitions are so far apart they do not overlap,
Although the I-C transition may be taking place
as abruptly as at lower pressures, the absence
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of any marked resistivity anomaly at the transi-
tion would make it invisible. This may account
for the initial abruptness and progressive loss of
this character of the resistivity anomaly.

In Cr-Co alloys Co has a local moment, but un-

like Fe it is strongly coupled to the AF state of
chromium. " We have also investigated a number
of these alloys under pressure and find that the
behavior is quite different. These results will be
published in detail elsewhere.
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Measurements of cross sections and analyzing powers have been made for the inelastic
scattering of 24.5-MeV polarized protons leading to the lowest 0+, 2+, and 4 states in
oNe and Ne. The results for both Ne and Ne are best reproduced when the full

Thomas form of the deformed, spin-dependent optical potential is employed in a coupled-
channel calculation. In contrast to Ne, the results for Ne indicate that only a small
hexadecapole deformation is needed to reproduce both the cross sections and the analyz-
ing powers for the Ne ground-state rotational band.

It has long been believed on theoretical grounds
that many nuclei in the s-d shell have a perma-
nent deformation. Recent experiments and more
elaborate theoretical calculations have confirmed
this hypothesis. In addition, measurements of
the inelastic scattering of protons' and n parti-
cles' from "Ne, analyzed in the coupled-channel
formalism, have shown that a large hexadecapole
(F,) deformation was needed to reproduce both
the shape and magnitude of the cross sections
leading to the lowest 2', 4', and 6' states in

"Ne. A similar analysis' of other inelastic scat-
tering data in the s-d shell has shown that both
the F, and F4 moments vary considerably through-
out this region. These conclusions are in qualita-
tive agreement with the results of Hartree-Fock-
Bogoliubov-type calculations. ' With this in mind,
we have measured the analyzing powers of the re-
actions "Ne( p, p ')"Ne* and "Ne( p, p ')"Ne* using
polarized protons, leading to the lowest-lying 0',
2', and 4' states. 4 Such measurements are of in-
terest to further test the spin-dependent part of


