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Magnetic excitations in NpBi
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We report inelastic neutron-scattering measurements on a single crystal of NpBi. The magnetic excitation
spectrum consists of two branches with longitudinal and transverse polarization, respectively. The excitations
are interpreted as spin waves in an antiferromagnetic triple-k type-I structure. With increasing temperature, the
anisotropy gap decreases monotonously and disappears atTN . As the ordered magnetic moment in NpBi has
the free-ion Np31 moment value, the anisotropy gap cannot originate from crystal-electric-field interactions,
and the triple-k structure of NpBi is anticipated to be stabilized by two-ion quadrupolar terms.
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I. INTRODUCTION

The NaCl-type compounds of transition elements~4 f and
5 f ! formed with anions of the V-A~monochalcogenides!
and VI-A ~monopnictides! columns of the periodic table
show an extremely wide variety of magnetic behavi
Among them, the monopnictides of Ce and of the light a
tinides ~U, Np, and Pu! present a special interest since t
strong hybridization of thef electrons with the conduction
electrons leads to unusual magnetic properties. In the
two decades, the availability of single crystals of these co
pounds has allowed numerous neutron-diffraction studie
their magnetic structures as well as of the phase diagr
they present under magnetic field, pressure, and a
dilution.1,2 Inelastic neutron-scattering~INS! studies of the
spin dynamics in these compounds are less numerous
almost exclusively limited to cerium and uraniu
compounds.3 They are however of great interest, since t
exchange and anisotropy parameters can be determined
the measured dispersion curves. In the special case o
multi-k magnetic ordering encountered frequently in the
compounds, it has been experimentally observed4,5 and
explained6 in USb ~triple-k structure! that the spin-wave dis
560163-1829/97/56~21!/14029~7!/$10.00
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persion curves are different from that of a simple colline
ordering. Other compounds, in which triple-k structures have
been determined by neutron diffraction, are the neptuni
pnictides NpSb~Ref. 7!, NpAs ~at low temperature!,8 and
NpBi.9 In this paper, we will present INS measurements
the magnetic excitation spectrum carried out on a sin
crystal of NpBi.

NpBi orders antiferromagnetically belowTN5192.5 K in
a triple-k type-I structure, which results from the combina
tion of the three Fourier componentsmkx

, mky
, andmkz

of

wave vectorskx , ky , and kz , respectively~kx5@100#, ky
5@010#, and kz5@001#!. The magnetic moments poin
along the^111& directions and reach at low temperatures t
value corresponding to the free Np31 ion in an intermediate
coupling scheme (2.63mB /Np). Since NpBi has nearly the
full moment, the predominant spin waves are transverse w
the respect to the easy^111& axis, and the longitudinal spin
excitations are negligible. It has been suggested that
multi-k antiferromagnetic structures could be the con
quence of a competition between anisotropic exchange in
actions and single-ion anisotropy10 @essentially the crysta
electric field ~CEF!#. In this case, the anisotropic exchan
interactions force the propagation vectors and the associ
14 029 © 1997 The American Physical Society
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14 030 56F. BOURDAROTet al.
Fourier components along the cubic axes. In the case
collinear ~single k! structure this leads to a stacking of fe
romagnetic @001# planes. The interactions appear th
strongly ferromagnetic in the plane and antiferromagne
between the planes. The particular value ofk depends on the
details of these interplane interactions. The compet
single-ion anisotropy can favor another easy direction t
the fourfold axis. In this case, a multiaxial structure bu
from 2 ~@110# easy axis! or 3 ~@111# easy axis! k vectors is
stabilized, minimizing simultaneously the exchange and
anisotropy energies. However, it is difficult to quantify th
exchange interactions and the competing single-ion ani
ropy because of hybridization effects. Theoretical models
interpret this behavior have been developed by Cooper
co-workers11,12 in the framework of the Coqblin-Schrieffe
Hamiltonian and by Takahashi and Kasuya13 who consider a
strong f -p hybridization.

The aim of this study was to confirm the triple-k structure
and to compare the magnetic excitation spectrum of NpB
the model used for USb. Section II describes the experim
tal details. The results are analyzed in Sec. III and the
cussion in Sec. IV concludes the paper.

II. EXPERIMENTAL DETAILS

We have performed INS measurements on a single cry
grown at the European Institute for Transuranium Eleme
by the mineralization technique. It has the shape of a pa
lelepiped of 1336.732.6 mm3 and has been oriented an
encapsulated in a cylindrical double-wall aluminum co
tainer. The faces of the parallelepiped are perpendicula
the four-fold axes. The measurements were performed on
three-axes spectrometer IN8 installed on a thermal beam
the high-flux reactor at the Institut Laue Langevin. To inve
tigate the energy range 8,E,20 meV, a vertically focusing
copper monochromator@Cu~111!# and a pyrolitic graphite
@PG~002!# analyzer focused in the vertical and horizon
planes were used. The collimation was fully relaxed, wh
gave an energy resolution~for incoherent elastic scattering!
of about 3.5 meV for a fixed final energy of 34.8 meV.
pyrolitic graphite filter placed in front of the analyzer wa
used to reduce thel/2 contribution. All presented neutro
data have been normalized to the same monitor valueM
510 000 corrected for higher-order contamination. Comp
mentary measurements were performed for a fixed final
ergy of 14.7 meV, using a PG~002! vertically focused mono-
chromator and 408 collimators after the monochromato
between the sample and the analyzer, and after the anal
The energy resolution improved to 1 meV at the expense
an eightfold reduction in intensity. The crystal was moun
in a helium-flow cryostat with the@1,21,0# axis vertical so
that the main symmetry directions@001#, @110#, and @111#
were all in the horizontal scattering plane.

III. RESULTS

Energy scans performed at low temperatures (T510 K)
and aboveTN (T5210 K) at the magnetic zone centerQ
5(110), which corresponds to the propagation vec
kz5(001), are shown in Fig. 1. In such scans, fluctuatio
parallel and perpendicular tokz are simultaneously probed
a
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At low temperatures (T510 K), two inelastic peaks are ob
served, respectively, at 10 and 15 meV. Instrumental res
tion effects make the width of the high-energy peak appro
mately two times larger than that of the low-energy pe
Qualitatively, this is connected to the relative orientation b
tween the resolution ellipsoid and the slope of the dispers
curve. AboveTN , only a monotonous background is se
and the absence of any peaks demonstrate the magnetic
gin of the excitations observed at low temperatures. The
tra intensity observed below 12 meV could correspond to
increase of the acoustic phonon intensity and of multiphon
scattering. Figure 2 compares two low-temperature ene
scans performed at the scattering vectorQ5(1,1,0.1), for
which both transverse and longitudinal excitations a
probed, and the scattering vectorQ5(0,0,1.1), for which
only transverse excitations contribute. The absence of
low-energy excitation atQ5(0,0,1.1) proves its longitudina
character@measurements have not been performed atQ
5(001) because of a large background coming from the
rect beam#. The low-energy longitudinal excitation corre
sponds to the component of the transverse moment fluc
tions along thez axis parallel to the propagation vectorkz

FIG. 1. Energy scans atQ5(1,1,0) for ~a! T510 K and~b! T
5210 K. A Gaussian function is used to fit the excitations. T
dashed lines show the estimated background level.

FIG. 2. Energy scans atT510 K for ~a! Q5(1,1,0.1) and~b!
Q5(0,0,1.1).
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56 14 031MAGNETIC EXCITATIONS IN NpBi
~recall that the moments are along the^111& directions while
the Fourier components are parallel to their respectivek vec-
tors!. On the other hand, the transverse excitation at hig
energies corresponds to components of the transverse
ment fluctuations perpendicular tokz . Figure 3 shows typi-
cal energy scans performed at scattering vectorsQ5(11z)
for z50, 0.1, 0.2, and, 0.4 rlu~reciporocal-lattice units!.
From these scans and similar scans performed along
@zz0# direction, we have been able to extract the dispers
curves shown, respectively, in Figs. 4~a! and 5~a!. In both
directions, two distinct branches are observed in the rang
z between 0 and approximately 0.3. These excitations w
fitted using two Gaussians on a sloping background. T
upper mode displays only a weak dispersion, while the
ergy of the lower mode increases from 10 meV forz50 to
15 meV for z'0.3. Above z'0.3, only one peak is ob
served. This could mean that the transverse and longitud
excitations have the same energy, or that the longitud
mode is no longer observable because the amplitude
ishes.

An indication that the two excitations may exist in th
wholez range but with identical energies forz.0.3 is given
by the analysis of thez dependence of the integrated inte
sities given in Figs. 4~b! and 5~b!. Within the accuracy of the
measurements, the intensity of the unique peak abovz
50.3 is equivalent to the sum of the individual intensities
the two peaks measured forz,0.3. However, it could also
be that the low-energy excitation disappear forz.0.3, as
suggested by its decreasing amplitude withz ~see Fig. 3!.

In the @00z# direction, the dispersion is initially very

FIG. 3. Energy scans atT510 K for Q5(1,1,z) ~z50, 0.1,
0.25, 0.4!. The background is the same for all the scans. A Gaus
function is used to fit the excitations.
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weak. Although it is not evident from Fig. 4~a! that the dis-
persion curve for the longitudinal mode has its minimum
z50, this can be inferred from the decrease of the pe
height and increase of the width of the low-energy peak az
increases, as seen in Fig. 3. The difference in the spin-w
dispersion between the@zz0# direction and the@00z# direc-
tion corresponds certainly to anisotropy effects, result
from exchange, single-ion, or two-ion terms.

Figure 6 shows energy scans atQ5(110) performed at
temperaturesT510, 60, 111, and 159 K. As the temperatu
increases, the energy of the longitudinal excitation decrea
from 10.2 meV atT510 K down to 7.3 meV atT5111 K,
whereas the transverse excitation decreases from 14.9
at low temperatures down to 8.9 meV atT5159 K. The inset
in Fig. 6 shows the corresponding temperature dependen
of the T andL modes. At higher temperatures, the magne
excitations are no longer detectable above the increa
low-energy nuclear intensity. However, as shown in the in
of Fig. 6, the observed temperature dependence of the e
tation energies is consistent with a monotonous behavior
vanishing gaps atTN . Measurements with improved resolu
tion, performed in order to follow the gap at higher tempe
tures, were without success due to the important loss in
tensity.

A few measurements of the phonon dispersions were
formed with both high and low resolution, in order to inve

n
FIG. 4. ~a! Dispersion alongQ5(1,1,z) at T510 K and ~b!

integrated intensity.L denotes the longitudinal andT the transverse
mode. The symbol~,! corresponds to the sum of the individu
intensities of the two peaks and the full symbols~. andd! corre-
spond to the intensities of the observed peaks. The inset show
Brillouin zone in the scattering plane.
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14 032 56F. BOURDAROTet al.
tigate possible magnetoelastic coupling. In general,
phonons in NpBi are softer compared to USb, as expec
from the difference in atomic masses.

IV. DISCUSSION

A first result of this study is the confirmation of th
triple-k nature of the type-I antiferromagnetic ordering o
NpBi previously deduced from neutron-diffractio
measurements.9 Indeed, the magnetic excitation spectru
consists of two branches with longitudinal and transve
polarization, respectively. As shown by Jensen and Bak,6 the
presence of a low-energy branch with a longitudinal pol
ization is a signature of triple-k ordering. Such a mode doe
not exist in a collinear structure~in which all the excitations
are transverse!, even taking into account the 3 K domains.
This statement is discussed in the Appendix.

The trivalent nature of the neptunium ion~Np31, J54! is
determined from the Mo¨ssbauer isomer shift. In cubic sym
metry, the 5I 4 multiplet is split by the CEF into four
states: a singletG1 , a nonmagnetic doubletG3 , and two
triplets, G4 andG5 , with magnetic moments of 0.31mB and
1.54mB , respectively~Table I!. These moments are muc
smaller than the ordered moment of 2.63mB measured by
neutron diffraction and Mo¨ssbauer spectroscopy. Table

FIG. 5. ~a! Dispersion alongQ5(11z,11z,0) atT510 K and
~b! integrated intensity. Symbols as in Fig. 4. The inset shows
three k vectors corresponding toQ5(11z,11z,0) ~two of the
modes are degenerate in the@110# direction, sincekx and ky are
symmetric!.
e
d

e

-

shows a comparison between the Mo¨ssbauer characteristic
~ordered moment, isomer shift, and quadrupolar interacti!
of different magnetic states with the experimental results
NpBi. The values correspond to pure CEF states with

e

FIG. 6. Energy scans atQ5(1,1,0) at different temperatures
The background shown by the dashed line increases as the
factor. The arrow indicates the energy of the transverse mode.
inset shows the temperature dependence of the longitudinal an
transverse modes.

FIG. 7. Phonon dispersion curves of NpBi. The dashed lin
represent the USb phonon dispersion~cf. Ref. 3!. The symbols.
and d correspond to the longitudinal and transverse phonons
NpBi, respectively.
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56 14 033MAGNETIC EXCITATIONS IN NpBi
exchange interactions. The moment in the CEF ground s
can be increased in the presence of exchange interact
Such a model including both crystal electric field and ani
tropic exchange interaction was previously developed
USb.5 For NpBi, this model, when used with parameters g
ing the correct Ne´el temperature and anisotropy gap atq
5(001), does not give an accurate description of the disp
sion curve, and the moment obtained is only about 2.1mB for
the G5 state, with the moment along the^100& axis. An easy
^111& axis can be obtained, associated with a moment in
ground state (G5) of only 1.7mB . These values are well out
side of the experimental errors of the measured ordered
ment. We conclude that the experimental mom
@2.63(4)mB# corresponds to that of the Np31 free ion in the
intermediate coupling scheme (2.59mB). The ground state
J5Jz is corroborated by the results of Mo¨ssbauer spectros
copy, which show that the quadrupolar interaction in Np
corresponds to the free ion Np31, and not to the quadrupola
interactions expected for the CEF ground statesG4 or G5 ~cf.
Table I!. Furthermore, the high-temperature magnetic s
ceptibility corresponds to an effective moment
2.90(5)mB , which is in perfect agreement with the result
a free-ion Np31 state (meff52.87mB). It is clear from these
observations that the gap which has been obtained in
magnetic dispersion curves cannot be explained from
CEF splitting. To our opinion, the gap of 10 meV that h
been observed atq5(001) originates from other interac
tions, which could be anisotropic as suggested by the dif
ent dispersion curves along the@00z# and @zz0# directions.

NpBi presents strong similarities with the isostructu
U-based compound USb. Both compounds order in

TABLE II. Ordered momentm0 for the 5f 3 configuration of
U31. Free ion as well as cubic crystal-fieldG state values are given
in intermediate coupling scheme. These values are compared
the moment of USb.

m0 (mB)

U31 free ion 3.68a

G6 1.38a

G8
1 1.07–2.43a

G8
2 1.54–2.3a

G8
1 with exchange

interactions~Ref. 6!
2.7360.05

USb 2.8 ~1!

aFor an intermediate coupling.

TABLE I. Ordered momentm0 , the isomer shiftd is , and qua-
drupolar interactione2qQ of Np31 free ion ~5 f 4 configuration!
compared with two different CEF states and with observed va
of NpBi.

m0 (mB) d is /NpA12 ~mm/s! e2qQ

Np31 free ion 2.57a 38 227.3
G5 1.54a 38 23.9
G4 0.31a 38 13.7
NpBi 2.63 ~11! 25.1 ~3! 231.1

aFor intermediate coupling.
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triple-k type-I structure below a relatively high Ne´el tem-
perature of 192 and 213 K, respectively. Well defined s
waves with an anisotropy gap are observed at low temp
tures. The spin-wave damping increases with temperature
spite of these similarities, some important differences m
be pointed out. The behavior of USb can be described wi
CEF scheme withG8

1 triplet as ground state and addition
anisotropic exchange interactions~see Table II!. Such a
model is in good agreement with the spin-wave dispers
curves, the Ne´el temperature, the value of the ordered m
ment, and the moment direction. It was claimed in Ref.
that the spin-wave dispersion of USb is isotropic along
@100#, @110#, and @111# directions, which implies that the
quadrupolar interactions are much weaker than the CEF.
situation is completely different in NpBi, where the observ
ordered magnetic moment in NpBi is only compatible with
fully degenerateJ54 multiplet ground state, and corre
sponds therefore to a small CEF splitting. The slightly ani
tropic dispersion observed along the@100# and @110# direc-
tions may originate in this case from quadrupo
interactions, given by the Hamiltonian

Q52(
i , j

Ki , j~k!QiQj ,

whereKi , j (k) are the Fourier components of the quadrupo
interaction andQk are the Fourier transform of the quadr
polar components,Q5^O2

0&, ^O2
2&, and ^Pi j & ~c.f. Ref. 15

for the notation!. In NpBi, the local magnetic symmetry o
the neptunium site is trigonal, and the dominant quadrupo
term is ^Pi j &. An analysis of the stability of antiferromag
netically ordered multi-k structures in simple cubic com
pounds has shown that this structure can be stabilized b
antiferroquadrupolar interaction.15 A full analysis of the
magnetic behavior of NpBi along these lines would requir
more complete set of experimental data.

The INS measurements in USb have shown that the tra
verse acoustic phonon has exactly the same energy as
magnetic excitation at theX point @Q5(110)#.14 However,
it was concluded that this is accidental and that there is
strong magnetoelastic coupling in USb. In NpBi, near theX
point @Q5(1,1,0) andQ5(0,0,1.1)#, no phonon was ob-
served in the range of energy~8–20 meV! where spin waves
are detected. This excludes a strong magnetoelastic ter
the Hamiltonian in NpBi as well.

From the present study, we can conclude that the anti
romagnetic triple-k type-I structure is stabilized in NpBi by
dominant two-ion interaction terms: the anisotropic e
change and the quadrupolar interaction, with only a we
CEF and no magnetoelastic coupling. This is in contras
USb, where the anisotropic exchange term and the C
terms are dominating. However, it is not clear in the case
USb that thê Pi j & quadrupolar terms are negligible, as Ha¨lg
and Furrer5 assumed. The differences between NpBi a
USb clearly illustrate that the magnetic properties of actin
compounds are very sensitive to small changes in the dif
ent interactions.
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APPENDIX: DYNAMIC COMPONENTS IN AN fcc
ANTIFERROMAGNETIC TRIPLE-k TYPE- I STRUCTURE

In an ordered state the magnetic moment at the siter and
time t can be written in a classical picture as the sum o
static (msta) and a dynamic (mdyn) component:

m~r ,t !5msta~r !1mdyn~r ,t !.

On each site, we consider a local coordinate sys
(ui ,vi ,wi), with wi along the direction of the static compo
nent. The dynamic part~transverse component! precesses
around the static component and it can be described u
the two vectors (ui ,vi) as

mdyn~r i ,t !5mdyn~ei
i ~f2vt !@~ui2 ivi !/2#

1ei
2 i ~f2vt !@~ui1 ivi !/2!#. ~A1!

Spin waves are collective modes, for which there is a rela
between the phasesf i of the different sites. In a physica
picture of spin waves, the phasef i can be written as

f i52pk•r i ,

wherek is the reduced wave vector defined with respect
the antiferromagnetic zone center~see inset Fig. 5! by

Q5t1q5t1k1k, ~A2!

whereQ is the scattering vector,k the propagation vector
andt a reciprocal lattice vector.

For a triple-k structure the static part of the moment a
site r i5(xi ,yi ,zi) lies along the direction @(21)xi,
(21)yi,(21)zi#, which allows to define basal unitary vec
tors of the local system as

wi5
1

)
@~21!xi,~21!yi,~21!zi#,

vi5
1

&
@~21!xi,2~21!yi,0#,
d
.

on
y
gh
s
he

.

a

m

ng

n

o

ui5
1

A6
@2~21!xi,2~21!yi,2~21!zi#.

According to relation~A1!, the dynamic part has componen
along the three cubic axes

mdyn~r ,t !5Dmxi
1Dmyi

1Dmzi
,

with

Dmxi
52Dm@ei ~2pk•r i2vt!d1e2 i ~2pk•r i2vt!d* #ei ~2pkx•r i!,

Dmyi
52Dm@ei ~2pk•r i2vt!d* 1e2 i ~2pk•r i2vt!d#ei ~2pky•r i!,

Dmzi
5Dm f@ei ~2pk•r i2vt!1e2 i ~2pk•r i2vt!#ei ~2pkz•r i!,

~A3!

d5(1/A61 i/&)/2, f51/A6 andd* is the complex conju-
gate ofd.

For any reduced wave vectorq, threek i vectors are de-
rived from Eq. ~A2!, by considering the threek i vectors.
Thus, in the general case, three excitations must be obse
at any scattering vectorQ. These excitations may be partl
degenerate in certain high symmetry directions. Since th
are four magnetic atoms in the magnetic cell, there is als
structure factor associated with each mode,

FMe5 (
r i in

magn. cell

Dmj i
ei ~2pQ•r i!

wherej 5x, y, andz andDmj i
is given by the formula~A3!.

At the magnetic zone center@e.g.,Q5(001) orQ5(110)#,
there are two excitation energies: the low-energy excitat
(E1) if k5(000) and the high energy excitation (E2) if k
5(100), ~010!, or ~001!. In the case of a single-k structure,
the scans performed atQ5(001) andQ5(110) show two
peaks if the three domains~kx , ky , andkz! exist. Of course,
if there is only one domain, only one peak appears in
scans. In the case of a triple-k structure, the scan performe
at Q5(110) shows two peaks, while the scan performed
Q5(001) has only one peak at high energy. The low-ene
peak corresponds to magnetic fluctuations along the m
netic wave vector~so defined as longitudinal character! but
the actual moment fluctuations are purely transverse w
respect to the local moment direction. The absence of
excitation at Q5(001), which follows from thatQ is
prependicular toDm, is the signature of the triple-k struc-
ture. The longitudinal and transverse modes at theG point
have been well represented in Ref. 16. Along the symme
directions @j00#, @jj0# and @jjj#, the number of observed
branches is limited due to energy degeneracy.
.
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