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On the Magnetic Interactions in Metal-Be{3 Compounds
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We report magnetization, Mdssbauer, and neutron experiments to determine the low-temperature
magnetic structure of the heavy-fermion compound NpB&he magnetic wave vector i = <% 0 0),
and nearest neighbor moments are oriented perpendicular to each other. We have found an unusual
modulation of the moments, which reflects the influence of the strong Kondo interaction. Comparisons
are made with the magnetic arrangements found in the rare-earftlc&apounds, and it is concluded
that a search for magnetic correlations in YBshould be concentrated around this wave vector.
[S0031-9007(96)01499-8]

PACS numbers: 75.25.+z, 75.30.Mb, 78.80.+y,

Uranium based heavy-fermion (HF) superconductorgroperties were sensitive to Be content. Samples with
(UPt;, UBej3, URWSK, UPGAl3, and UNRAI3) have at-  excess Be were nonmagnetic. The samples exhibiting the
tracted wide interest because of the interplay between magilearest magnetic properties hBgd = 4.9 K and a hyper-
netism and superconductivity, and the suspicion that théne field corresponding to an ordered moment&ofug
superconductivity is of the so-calledl type, rather than per Np atom.
the usuak type [1]. So far, all of the uranium-based HF  The goal in our experiments was to characterize the
superconductors, with one exception, are found to ormagnetic structure of NpBg with Mdssbauer, magnetic
der antiferromagnetically witlfy > T.. In some cases, susceptibility, and neutron experiments in an attempt to un-
URwWSi; [2] and UP% [3], there is evidence that the order derstand further the magnetic interactions of the actinide-
is not truly long range, but the magnetic correlations areBe;; compounds.
certainly strong. The exception is UBea cubic material The sample was prepared at Los Alamos National Labo-
with T. = 0.85 K and a linear coefficient of the specific ratory by arc melting high-purity elements. To homoge-
heaty = C/T = 1100 mJ/(mole K?) [4], and in which no  nize the sample a batch ef5 g was annealed for 1 week
magnetic correlations have been reported despite expe@t T = 1500 °C. A test at low temperature with the Mdss-
ments with muons [5] and neutrons [6]. Nothing is knownbauer technique (at Karlsruhe) showed that the annealed
therefore abouk (q), the wave-vector-dependent magneticsample was completely magnetic. The Méssbauer spec-
susceptibility, in UBg;. The absence of evidence for mag- trum is shown in Fig. 1. The temperature dependence of
netic correlations in this one compound prevents generathe spectra shows thdly is about 5 K. At low tempera-
izations that might lead to theoretical advances. ture the spectra can be accounted for only by assuming

In this Letter we report experiments on NpBethe that there are two hyperfine fields with values corre-
isostructural homolog of UBe. The addition of one extra sponding [10] to magnetic momenis, = 1.12(5)ug and
5f electron in substituting Np for U reduces the lattice u, = 0.97(5)up. The intensity ratio corresponds to twice
parameter by a mere 0.16% [frasp = 10.249 Aat 10 K [1.9 + 0.2] as many moments wite, as withu,. Since
in UBey3 [7] to 10.233(4) A at 10 K in NpBgs]. We the MBe; structure has only one equivaledtt site (see
therefore expect NpBegand UBg; to have the same metal below), this analysis of the Mdssbauer spectra indicates
ion valency, and to have a similar conduction-electrorthat a modulated magnetic structure exists. The isomer
density (arising principally from the Be electrons), but shift is 3.1(2) mm/sec (as found in Ref. [9]) with respect
to vary in theirf-electron ground-state configuratiodg?”  to NpAl,, and this suggests that the Np ion is trivalent
for UBe;; and5f""! for NpBes. [10]. The absence of any appreciable induced quadrupo-

Shortly after the discovery of superconductivity in lar interactions in the Mdssbauer spectra is consistent with
UBe3, Stewartet al. [8] investigated NpBg and found al's ground state.
that (1) the compound orders antiferromagnetically at Magnetic susceptibility and magnetization measure-
3.4 K, (2) there is a large temperature-dependent spenents were obtained on an annealed polycrystalline sample
cific heat aboverly which corresponds ty = 900 mJ/  of 24 mg at the SHE-SQUID magnetometer of the CEA-
(mole K?) so that, like its analog UBg, NpBe; is aheavy-  Grenoble with applied fields up t8 = 5 T, and in the
fermion compound, and (3) NpBgis not superconducting temperature range2 K < 7 < 300 K. The y and1/y
down to 0.080 K. Subsequent work on NpBesing the curves as a function df are shown in Fig. 2. The maxi-
Mossbauer technigue [9] showed that the low-temperaturenum (inset) appears &ty = 4.6 K, and is reduced to

0031-900796/77(18)/3917(4)$10.00 © 1996 The American Physical Society 3917



VOLUME 77, NUMBER 18

PHYSICAL REVIEW LETTERS

28 OTOBER 1996

—_~
)
S
=]
2
]
[
7]
=]
©
S
pe)
———————r—r——r—r—r—r——
-100 -50 0 50
velocity (mm/s)
FIG. 1. Madssbauer absorption spectrum of annealed NpBe

at 1.3 K. For the nonmagnetic samples a single line is observed
at the position of the dashed vertical line. The solid line is
the result of least-squares fitting two Np Mdssbauer patterns to
the observed spectrum. The corresponding hyperfine fields are
shown by the bars at the top and are 241(2) T and 208(3) T.

4.1 K with B =5 T. From the high-temperature region
we find uerr = 2.2(1)up, Which is consistent with that
expectedZ.15ug) from a Np'*:5f* configuration with a

I's (magnetic) triplet as the ground state.
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FIG. 2. Susceptibility and 1(/y) for the NpBeg; powder
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Neutron-diffraction experiments were performed on a
polycrystalline sample of 3.9 g and a small single crystal
of =1 mg at the Siloé reactor (CEA-Grenoble) using
the instrument DN5 X = 2.49 A) with a multidetector
for the polycrystalline sample, and the instrument DN3
(A = 1.52 A) with a lifting-arm detector for the single
crystal. The room-temperature diffraction patterns con-
firmed the cubic fcc structure of theBe;; compounds.
We show this structure in Fig. 3(a). There 8rd/ atoms
in the unit cell, divided into two sets of 4 that are connected
by the body-centering operatolr(% % %). Within each
set of 4 the positions are related by the face-centering op-
erator+(% % 0), and the initial atom position i(s} % %).
Figure 3(b) shows the results of subtracting the data
taken atT = 10 K from identical low-temperature scans
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FIG. 3. (a) Crystallographic structure of th&Be;; com-
pounds. The two different Bravais lattices of theatoms are
shown as open and black spheres. E#&thtom is surrounded

by a polyhedron of 24 Be atoms (small open spheres) at a dis-

sample as a function of temperature. The data were correctednce of=3.0 A. The nearesM-M distance is1/2 = 5.12 A.
for the Al sample container and for a small amount of (b) The main figure shows the low-angle part of the difference
ferromagnetic impurity (possibly NpC) assuming that the latterpattern/(7 = 1.5 K) — I(T = 10 K) obtained from the poly-

is saturated at high fields. The dashed line through thg X

crystalline sample. The magnetic reflections are indexed and

points signifiesu.;r = 2.2up per Np atom. The inset shows the position of the nucleaf0 0 2) peak marked. The insets
the variation ofy aroundTy and the dependence of the latter show (left) the intensity of th€0 0 0)= satellite as a function
on applied field. The curves f& = 0.1 and 5.0 T have been of temperature and (right) the intensities from the single crystal

offset by 0.5 and 1.0 units,
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respectively.

as a function of wave vector at two different temperatures.
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(T < Ty). The main figure shows a strong peak atexperiments cannot tell where in they] plane the

(0 0 0)*, and four other weaker peaks. The additionalmoments lie. The data are consistent with any choice of
magnetic reflections may be indexed &K L)~7, where two orthogonal axes.

g = 0.33(2) reciprocal lattice units (rlu). The wave vector  For one Bravais lattice the momenis$i) in theith layer

of the modulation may be writteq = <§ 0 0), where the perpendicular tg = (0,0, %) are given by

cubic symmetry ensures thqtmay be along any one of P—1

the cube axes, and is independent of temperature. The n(i) = ZZqu Sil’l<277pq > + qbpq),

magnetic unit cell is thus 3 times as large as the chemical P

unit cell along the propagation direction and consists ofvhere¢,, is an arbitrary phase angle. Diffraction mea-
6 layers, each containing 4 Np moments. surements of the type performed here are insensitive to the

Despite the small size of the single crystad(5 mm’),  phase angles. The second Bravais lattice may be similarly
important new information (as well as confirmation of described, although with an additional arbitrary phase fac-
the powder experiment) was obtained in the experimentor. The problem is simplified because for tljssector
on DN3. The temperature dependence of thé 0)=  only two harmonics witlp = 1 and 3 exist. The require-
satellite from both experiments is shown in the inset ofment for the third order § = 3) is necessary as a single
Fig. 3(b). They are both consistent willy = 4.5(2) K.  order (p = 1), representing a sinusoidal modulation of the
An important confirmation was the presence of magnetienagnetic moments, cannot explain the population of mo-
peaks around theH K L all odd) nuclear reflections such ments as found in the Mdssbauer experiments, irrespec-
as(1 1 1), which are not allowed in the nuclear structuretive of the choice ofp. In fact, by choosingi;, = 0.24,
pattern because of the body-centering operator. A furthefwhich is just at the limits of our detectionyy, = 35°
aspect of the experiments was to search for the presenesd ¢3, = 90° we arrive at the structure illustrated in
of higher-order satellites of the for# K L)*?9, where Fig. 4. The magnetic moments are thepn = 1.16(3) up
p > 1. For a squared magnetic modulation with tigis and u, = 0.94(3)ug, and the choice of phase angles as-
vector we anticipate such a component with an amplitudsures that there are twice as mamy as u;, entirely con-
ratio between the third- and first-order components of 0.25sistent with the Mdssbauer spectrum at low temperature.
Our experimental results imply that this ratig, /A, is less The unusual magnetic structure found in NpBeay
than 0.20. be compared to that found iWBe;; (where M = Gd,

To determine the details of the magnetic structure we
note first that the presence of a stroffig0 0)* satellite
proves the magnetic moments are perpendicular to the
wave vectorq. This is because group theory allows the
moments to be either parallel or perpendiculagtéand
not at any intermediate angle), and scattering0ai 0)~
is proof that it is perpendicular. Recall that neutrons are
sensitive to the components of the magnetization perpen-
dicular to the scattering vector (or momentum transggr)

A second important observation is the presence of mag-
netic satellites around the forbiddeHd (K L all odd) nu-
clear reflections. By writing

m; = (mX9my90)’ m; = (mx, _my,O)

and withq = (0,0, %), wherem; represent magnetization
vectors on the two separate Bravais lattices, we model
the system with all moments lying in thexy) plane
and the propagation direction parallel to A pure
ferromagnetic in-plane coupling may be simulated by
my = 0, which will give rise to magnetic satellites around
only the # K L all even) nuclear reflections, whereas

a pEre antlferrpmqgnetlc coupllng may be written aS'FIG. 4. On the left-hand side are shown the wave forms of
m, = 0, and will give magnetic Sat(?”'tes around only the modulations for one Bravais lattice. The long-dashed line
the (7 K L all odd) nuclear reflections. If both are isthe (» = 1) first harmonic and the short-dashed the £ 3)

present then the angte between the moments on nearestthird harmonic. They combine together to give the modulation
neighbor M atoms [see Fig. 3(a)] will be given by shown by the solid line, which is the envelope describing

a = 2arctatim,/m,). Refining the observed intensities the magnitudes of the magnetic moments. On the right-hand

. o _ side are shown three chemical unit cells (the first outlined).
we find m, = 0.52(1)up and m, = 0.55(3)us, SO that  The moments are perpendicular to the propagation direction,

within our precisiona is 77/2. We define the amplitude and the two sublattices [see Fig. 3(a)] have their moments
of the first harmonicA, = |m;| = |m,|. The neutron perpendicular to each other.
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Tb, Dy, Ho, and Er) [11]. In most of these materials atto hybridization of the5f and conduction electrons is
low temperaturey = <% 0 0), Gd being an exception with observed in the ordered state, and the wave vector of the
g = 0.284 rlu. In all these rare-earth compounds the formstructure gives new information on where to search for
of the modulation consists of a simple or bunched helixmagnetic correlations in UBg
and the intraplanar coupling is ferromagnetic. There are It is a pleasure to acknowledge Gabriel Aeppli for
no satellites around thel 1 1) reflection. Beckeet al. the original idea to perform these experiments, and Greg
[12] have explained these structures in terms of a model inStewart for comments on the manuscript. Support given
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Despite the major difference between the magnetic aris acknowledged. We thank members of the technical
rangements found in NpBeand the rare-earth Becom-  staff at Los Alamos, EITU, Karlsruhe, and the CEA-
pounds, there is a remarkable common feature—the wav@érenoble for assistance with transporting and handling
vector of the modulation. We argue that the metal ions irthese radioactive samples.
all these compounds are trivalent and this wave vector is
a consequence of thg-dependent susceptibility (q) of
the conduction electrons. The dirédtM exchange must
be small as thé/-M distance € a,/2) exceedss A. If
Np in this material is. trivalentS(_f4 configuration), which *Present address: Dept. de Quimica, JIWAPT, Estrada
is suggested by the isomer shift, then we would expect U Nacional 10, P-2686 Sacavem Codex, Portugal.
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