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We report measurements of the specific heat, Mossbauer effect, and electrical resis-
tivity of NpSns;, which identify its weak antiferromagnetism (7\y=9.5 K) as arising from
itinerant 5/ electrons. This is the first known verification of itinerant f-electron anti-

ferromagnetism in any system.

The origin of the rich variety of magnetic be-
havior found in light actinide compounds lies in
the rather large spatial extent of the 5f wave
function relative to that of the 4/ wave function
of rare-earth systems.’ Thus, depending on the
interatomic separation of actinide atoms and
their site symmetry, the 5f states may either
remain localized or broaden into bands by means
of direct f-f overlap and/or mixing with states of
other angular-momentum character. Consider-
able evidence exists for local-moment magnet-
ism in many actinide compounds,?® whereas many
actinide paramagnets* and a few ferromagnets®’®
exhibit itinerant f-electron character.

In this Letter, we report the identification of
itinerant-electron antiferromagnetism (IAF) in
NpSn,, the first such observation for any f-elec-
tron system, In fact, only a few itinerant anti-
ferromagnets, notably Cr and some Cr com-
pounds, are known to exist in d-electron sys-
tems. One unique feature of the antiferromag-
netism in NpSn, is that it is extremely weak, with
a Néel temperature Ty of only 9.5 K, whereas all
other known IAF systems exhibit Néel tempera-
tures near room temperature and above, The low
T\ found for NpSn, thus permits examination with
unprecedented resolution of the effects of IAF on
a number of physical properties. The work re-
ported here consists of measurements of poly-
crystalline samples of the specific heat (between
2.5 and 30 K), Mdssbauer effect (on both the *'Np
and 'Sn nuclei), and electrical resistivity (2-
300 K).

NpSn, crystallizes into the ordered cubic AuCu,
structure (type L1,).” Samples used in this study
were prepared both by arc-melting and by iso-
thermal reaction at approximately 600°C for pe-
riods up to two weeks. High-purity electrore-
fined 2*’Np was used in the sample preparation.®
X-ray diffraction patterns showed only the pres-
ence of NpSn,, although subsequent magnetic sus-
ceptibility measurements indicated the possible
existence of a small amount of second phase in
the arc-melted sample. Physical property meas-

urements made on samples prepared by both tech-
niques indicate, however, that the small second
phase does not measurably affect the low-temper-
ature properties of NpSn,. The experimental pro-
cedures have been discussed elsewhere,®

The M&ssbauer spectra of NpSn, using the 59,5-
keV resonance in ?*’Np were measured at 77 and
4,2 K on a sample prepared by the isothermal
reaction method. The data at 4.2 K showed a
magnetically split spectrum characteristic of
magnetic ordering, with a low hyperfine field
Hype=0.53 MOe, in excellent agreement with the
T=0 value of 0.55 MOe obtained by Gal et al.°
Those authors also measured the temperature
dependence of Hy; for an arc-melted sample and
found an ordering temperature of 9 K. Using the
correlation of Dunlap and Lander? between the
hyperfine field and the ordered moment, we ob-
tain a very small moment n=0.28u; for NpSn,.
Although the correlation between Hyr and p is
rigorously valid only for localized systems, and
so may be suspect for the present case, such a
small value is nonetheless indicative of the itin-
erant nature of NpSn,.

A weakly temperature-dependent susceptibility
indicates that the ordered state is antiferromag-
netic.'' This is confirmed by the Mdssbauer
spectra obtained using the '*Sn resonance in
NpSn,. Figure 1(b) shows the spectrum at room
temperature characterized by a simple electric-
quadrupole splitting due to the noncubic site sym-
metry of the Sn atoms. Figure 1(a) shows the
spectrum at 4.2 K. The solid line is the result of
an analysis assuming two nonequivalent sites,
with magnetic splitting in one and no magnetic
splitting in the other. This is typical of what
happens in antiferromagnets where some sites
may be surrounded by magnetic moments all ori-
ented in the same direction, whereas other sites
are surrounded by equal numbers of oppositely
directed spins. Such a case has been discussed,
for example, in PrSn,.”? In principle, a meas-
urement of the relative areas of the two sites can
be used to elucidate the detailed spin structure of

1511



VoLuME 37, NUMBER 22

PHYSICAL REVIEW LETTERS

29 NOVEMBER 1976

RELATIVE INTENSITY (%)

ST N T N AU N O
6 4 2 0 2 4 s

VELOCITY (mm/s)

FIG. 1. !'%Sn Mosshauer spectra in NpSn, at (a) 4.2
K and (b) room temperature. The bar diagram shows
the decomposition of the 4.2-K spectrum into two sites,
one having magnetic splitting (heavy lines) and one hav-
ing only quadrupole splitting (light lines).

the system. In this case, however, the small H ¢
and difficulties related to absorber thickness
make such a determination inaccurate,

The specific heat C of NpSn, between 2.5 and 30
K is shown in Fig, 2, plotted as C/T vs T. A
peak is observed at 9.5+ 0.1 K, near the value of
Ty determined from the temperature dependence
of H .1
ic heat of NpSn,, shown as the solid curve in Fig,
2, is equal to that found for isostructural USn,,*
Molecular weights differing by 0.2% and lattice
constants differing by < 0.01% between the two
compounds validate this assumption. The differ-
ence C g between C and the phonon contribution is
shown in Fig. 3 as Cyz/T vs T.

Figure 3 shows that above Ty, Cg=vy,T, where
¥, is an unusually large 242+ 5 mJ/mole °K. This
is the largest electronic specific heat coefficient
yet observed in an actinide compound and, even
acknowledging that y, contains enhancements due
to electron-phonon and electron-spin-fluctuation
interactions, indicates an extremely high density
of electronic states at the Fermi level N(eg). It
is interesting to note that USn,, which does not
order magnetically, also exhibits a very large
low-temperature electronic specific heat coeffi-
cient of 170 mJ/mole °K?2, 1%

Below 5 K, Cis described to within 2% or bet-
ter by y,T + aT®. In this representation, y, is the
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We have assumed that the phonon specif-
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FIG. 2. C/T vs T for NpSn;. The solid line represents
the phonon contribution, determined from data for iso-
structural USn;.

electronic specific heat coefficient of the mag-
netically ordered phase and aT® is a magnetic
contribution, presumably dominated by antiferro-
magnetic spin waves, which give the T° depend-
ence. The low-temperature magnetic part can-
not be described by exp(-A/T) as would be pre-
dicted by a mean-field model. The T° represen-
tation of the magnetic contribution might be a for-
tuitous consequence of fitting the data over such
a small temperature interval (2.5-5.0 K), since
a purely spin-wave specific heat is usually ob-
served only at somewhat lower values of T/Ty
than could be attained in this experiment. How-
ever, this procedure does provide a reliable
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FIG. 3. Cg/T vs T for NpSn; where Cy is the elec-
tronic specific heat. The solid curve is the mean-field
theoretical prediction. The electronic specific heat co-
efficients of the paramagnetic and ordered states are
designated by v, =242 and v, =88 mJ/mole°K?, respec-
tively.
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means of determining y, since y,T > aT® at the
lowest temperatures. We find y,=88+5 mJ/
mole °’K? and @ =5.2+0.3 mJ/mole °K*,

The large reduction y, -y, in the electronic co-
efficient at T indicates the formation of a gap in
the density of states at the Fermi level. This is
a requirement of any theory of IAF,® but has
been difficult to characterize precisely in the
specific heats of systems like Cr because of their
relatively high Ty and low values of y, and v,
The mean-field treatment of the IAF transition in
systems for which there is perfect nesting of
electron and hole sheets of Fermi surface is
mathematically similar to the BCS theory of
superconductivity,'® Within the framework of
this model, similar thermodynamic properties
are expected for superconductors and itinerant
antiferromagnetics.'® In Fig. 3, the specific heat
predicted by the mean-field model is shown,
Above Ty we set Cp=y,T; below Ty, Cyis as-
sumed to be composed of a BCS function (deter-
mined only by Ty and y, -y, with no adjustable
parameters) and the y,T contribution. The re-
markable agreement between experiment and this
most simplified theory is strong evidence that
the magnetic transition is second-order and itin-
erant. We note that the comparison between ex-
periment and mean-field theory fails (see Fig. 3)
in those temperature regimes where it is expect-
ed to fail: at the very lowest temperatures where
collective modes are important and just above Ty
where C; exhibits a considerable tail (although
some of the tail may be due to sample inhomog-
eneity). The jump in Cyat Tyis ACg(T\)/(y,
-y, Tn=1.63, which is quite close to the BCS
prediction of 1,43,

Although the above analysis provides a useful
physical picture of the magnetism in NpSn,, it is
an oversimplification of the problem. This is il-
lustrated by the relatively large value for y,,
which indicates that below T\ there is still ap-
preciable f character at the Fermi level, Thus,
only a portion of the Fermi surface is responsi-
ble for the antiferromagnetism in NpSn,. A prop-
er analysis, which considers the complicated na-
ture of the Fermi surface and the importance of
hybridization between electrons in f states and in
s, p, and d states, requires more knowledge of
the NpSn, band structure.

The excess entropy associated with the magnet-
ic transition, AS=[(C;-y,T)(dT/T), may be de-
termined graphically from Fig. 3. Using the val-
ue of y, determined above and assuming that C
goes to T=0as y,T+aT? we find AS=-0.047 J/

mole °K=-0.007R In2, This value differs from
zero by an amount equivalent to shifting v, by
less than 1%; thus, AS=0 to within the accuracy
of this measurement. Since a transition involv-
ing the ordering of local moments requires AS
=R In2, whereas a second-order itinerant-elec-
tron transition must yield AS =0, this result con-
firms the absence of ordered local moments be-
low Ty in NpSn,.

The electrical resistivity p of NpSn, was meas-
ured on a small slab, electrolytically machined
from the arc-melted button used for the specific
heat measurements. A maximum is observed in
dp/dT near Ty, but no evidence of a maximum in
p~=T is observed below Ty as for Cr.!” However,
due to the likelihood of small amounts of second
phase being present, these results must be re-
garded as preliminary. Above 100 K, p exhibits
strong negative curvature, indicative of sharp
structure in the density of states.!® This results
in a saturation of p near 175 K and a slow de-
crease above 175 K. The incremental resistivity,
Ap=p—p,, where p,=3 puf cm is the residual re-
sistivity, has values of 125 and 115 uQ cm at 175
and 300 K, respectively.

Aldred and Lam have measured the magnetic
susceptibility yx, at applied fields from 1-14 KOe,
and between 2 and 300 K of a NpSn, sample pre-
pared by the isothermal reaction method.!! We
have measured y at applied fields of 3—14.5 KOe
on a sample cut from our specific-heat button,
and our data corroborate the temperature de-
pendence observed in the earlier investigation,
except for a bump we observe near 80-100 K.
This bump, which is not reproducible in differ-
ent arc-melted samples, is attributed to the
aforementioned possible second phase.

The susceptibility rises from its value of 2 K
to a rounded maximum near 18 K and then de-
creases slowly with increasing T. There is a
maximum in dx/dT near Ty, which we associate
with the appearance of the gap in N(ep). At all
temperatures, the magnitude of x is a factor of 4-
5 smaller than that found for exchange-enhanced
USn,.' The temperature dependence of y above
Ty is interpreted as arising predominantly from
the narrow f-band contribution to the Pauli sus-
ceptibility, although a detailed assessment must
await more information about the NpSn, band
structure.

The magnitude of x just above Ty provides an
upper-limit estimate of N(ey), since we have no
way of accounting for an orbital contribution (ex-
pected to be larger than any anticipated negative
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diamagnetic term) or other magnetic enhance-
ments. Since y,=%7%k3*(1+1)N(e¢), where A is a
many-body enhancement containing electron-pho-
non and presumabley spin-fluctuation contribu-
tions, a comparison of x and y, gives a lower-
limit estimate of A, We find A =0.6.

It is unlikely that NpSn, is the only JAF system
among light actinide intermetallics. Magnetic
measurements on the cubic Laves-phase com-
pound®?® Nplr, indicate a very small ordered mo-
ment below the Néel temperature of =6 K; and
our preliminary specific heat measurements on
Nplr, suggest a number of properties similar to
those of NpSn,. More direct investigations of the
nature of the spin densities in these systems, by
methods such as neutron scattering, require the
preparation of good single crystals. Such efforts
are presently underway.
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