PHYSICAL REVIEW B VOLUME 56, NUMBER 21 1 DECEMBER 1997-I

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 tkipgigsed structure. With increasing temperature, the
anisotropy gap decreases monotonously and disappe@fg. ks the ordered magnetic moment in NpBi has
the free-ion NB" moment value, the anisotropy gap cannot originate from crystal-electric-field interactions,
and the triplek structure of NpBi is anticipated to be stabilized by two-ion quadrupolar terms.
[S0163-18207)00746-1

[. INTRODUCTION persion curves are different from that of a simple collinear
ordering. Other compounds, in which triptestructures have
The NaCl-type compounds of transition elemef@t and  been determined by neutron diffraction, are the neptunium
5f ) formed with anions of the V-Amonochalcogenides pnictides NpSh(Ref. 7), NpAs (at low temperatune® and
and VI-A (monopnictides columns of the periodic table NpBi.° In this paper, we will present INS measurements of
show an extremely wide variety of magnetic behavior.the magnetic excitation spectrum carried out on a single
Among them, the monopnictides of Ce and of the light ac-crystal of NpBi.
tinides (U, Np, and Pl present a special interest since the NpBi orders antiferromagnetically beloW=192.5K in
strong hybridization of thé electrons with the conduction a triplek typed structure, which results from the combina-
electrons leads to unusual magnetic properties. In the lagton of the three Fourier components, , m, , andm, of
two decades, the availability of single crystals of these comwave vectorsk,, k,, andk,, respectively(k,=[100], k,
pounds has allowed numerous neutron-diffraction studies of[010], and k,=[001]). The magnetic moments point
their magnetic structures as well as of the phase diagram@ong the(111) directions and reach at low temperatures the
they present under magnetic field, pressure, and aniowalue corresponding to the free Ripion in an intermediate
dilution.}? Inelastic neutron-scatterindNS) studies of the coupling scheme (2.68;/Np). Since NpBi has nearly the
spin dynamics in these compounds are less numerous affidl moment, the predominant spin waves are transverse with
almost exclusively limited to cerium and uranium the respect to the eagf11) axis, and the longitudinal spin
compounds. They are however of great interest, since theexcitations are negligible. It has been suggested that the
exchange and anisotropy parameters can be determined fromulti-k antiferromagnetic structures could be the conse-
the measured dispersion curves. In the special case of tlipience of a competition between anisotropic exchange inter-
multi-k magnetic ordering encountered frequently in theseactions and single-ion anisotrofly[essentially the crystal
compounds, it has been experimentally obsefWednd electric field(CEP]. In this case, the anisotropic exchange
explained in USb (triple-k structure that the spin-wave dis- interactions force the propagation vectors and the associated
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Fourier components along the cubic axes. In the case of a 900
collinear (single k) structure this leads to a stacking of fer-
romagnetic [001] planes. The interactions appear then 600
strongly ferromagnetic in the plane and antiferromagnetic .
between the planes. The particular valukafepends on the 5300
details of these interplane interactions. The competing =

el
single-ion anisotropy can favor another easy direction than X 0 ]
the fourfold axis. In this case, a multiaxial structure built S =
from 2 ([110] easy axisor 3 ([111] easy axis k vectors is E ®)
stabilized, minimizing simultaneously the exchange and the §6OO e -
anisotropy energies. However, it is difficult to quantify the S L = TP ._._0_._‘ 3
exchange interactions and the competing single-ion anisot- 300 F 1
ropy because of hybridization effects. Theoretical models to T=210K
interpret this behavior have been developed by Cooper and O e 15 0
co-workers'*2in the framework of the Cogblin-Schrieffer Energy (meV)
Hamiltonian and by Takahashi and Kastiaho consider a
strongf-p hybridization. FIG. 1. Energy scans &=(1,1,0) for(a) T=10K and(b) T

The aim of this study was to confirm the trighestructure =210 k. A Gaussian function is used to fit the excitations. The
and to compare the magnetic excitation spectrum of NpBi tQjashed lines show the estimated background level.

the model used for USh. Section Il describes the experimen-
tal details. The reSUItS are analyzed in Sec. lll and the d|SAt IOW temperatures'(: 10 K), two ine'astic peaks are ob_

cussion in Sec. IV concludes the paper. served, respectively, at 10 and 15 meV. Instrumental resolu-
tion effects make the width of the high-energy peak approxi-
Il. EXPERIMENTAL DETAILS mately two times larger than that of the low-energy peak.

Qualitatively, this is connected to the relative orientation be-

We have performed INS measurements on a single crystalveen the resolution ellipsoid and the slope of the dispersion
grown at the European Institute for Transuranium Elementgurve. AboveT,, only a monotonous background is seen
by the mineralization technique. It has the shape of a paraland the absence of any peaks demonstrate the magnetic ori-
lelepiped of 1% 6.7x2.6 mn? and has been oriented and gin of the excitations observed at low temperatures. The ex-
encapsulated in a cylindrical double-wall aluminum con-tra intensity observed below 12 meV could correspond to an
tainer. The faces of the parallelepiped are perpendicular tincrease of the acoustic phonon intensity and of multiphonon
the four-fold axes. The measurements were performed on thscattering. Figure 2 compares two low-temperature energy
three-axes spectrometer IN8 installed on a thermal beam @&fcans performed at the scattering ved@s (1,1,0.1), for
the high-flux reactor at the Institut Laue Langevin. To inves-which both transverse and longitudinal excitations are
tigate the energy range<8E<20 meV, a vertically focusing probed, and the scattering vect@=(0,0,1.1), for which
copper monochromatdrCu(111)] and a pyrolitic graphite only transverse excitations contribute. The absence of the
[PG(002] analyzer focused in the vertical and horizontal low-energy excitation a@=(0,0,1.1) proves its longitudinal
planes were used. The collimation was fully relaxed, whichcharacter[measurements have not been performedQat
gave an energy resolutigffior incoherent elastic scattering =(001) because of a large background coming from the di-
of about 3.5 meV for a fixed final energy of 34.8 meV. A rect bearh The low-energy longitudinal excitation corre-
pyrolitic graphite filter placed in front of the analyzer was sponds to the component of the transverse moment fluctua-

used to reduce tha/2 contribution. All presented neutron tions a|0ng thez axis para||e| to the propagation Vectb{
data have been normalized to the same monitor vadue

=10 000 corrected for higher-order contamination. Comple- . . .
mentary measurements were performed for a fixed final en- T=10K

NpBi (a)

ergy of 14.7 meV, using a RBG02) vertically focused mono- sool A
chromator and 40 collimators after the monochromator, o
between the sample and the analyzer, and after the analyzer. g

300 F

The energy resolution improved to 1 meV at the expense of
an eightfold reduction in intensity. The crystal was mounted
in a helium-flow cryostat with thg¢1,—1,0] axis vertical so
that the main symmetry directiorj®01], [110], and[11]]
were all in the horizontal scattering plane.

‘Q=(1,1,0.1)

T (b)

Counts / 10000 Mon.
=

300 .
lIl. RESULTS Q=(0,0,1.1)
Energy scans performed at low temperaturés- (0 K) 0 {; 1'0 1'2 1'4 1I6 * 1l8 2'0
and aboveTy (T=210K) at the magnetic zone centér Energy (meV)

=(110), which corresponds to the propagation vector
k,=(001), are shown in Fig. 1. In such scans, fluctuations FIG. 2. Energy scans a=10K for (a) Q=(1,1,0.1) andb)
parallel and perpendicular to, are simultaneously probed. Q=(0,0,1.1).
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FIG. 3. Energy scans §[=1O Kfor Q=(1,1¢) ({=0, 0.1, . FIG. 4. (a) Dispersion alongQ=(1,1¢) at T=10K and (b)

?ﬁﬁgt,ig:}i-sTS;t:jat%kgf}i;cilrjlgdelfcti?aii?)ir;e for all the scans. A Gauss'aﬂwtegrated intensityl. denotes the longitudinal andthe transverse
) mode. The symbo(V) corresponds to the sum of the individual

(recall that the moments are along 14 1) directions while intensities of the two peaks and the full symb6¥s and @) corre-
the Fourier components are parallel to their respedtivec- ~ SPond to the intensities of the observed peaks. The inset shows the
tors). On the other hand, the transverse excitation at higheprillouin zone in the scattering plane.
energies corresponds to components of the transverse mo-
ment fluctuations perpendicular kg. Figure 3 shows typi- weak. Although it is not evident from Fig.(# that the dis-
cal energy scans performed at scattering vec@#s(11() persion curve for the longitudinal mode has its minimum at
for =0, 0.1, 0.2, and, 0.4 rlyreciporocal-lattice unils {=0, this can be inferred from the decrease of the peak
From these scans and similar scans performed along tHeeight and increase of the width of the low-energy peak as
[££0] direction, we have been able to extract the dispersionincreases, as seen in Fig. 3. The difference in the spin-wave
curves shown, respectively, in Figs(a# and Fa). In both  dispersion between thig{0] direction and thg00¢] direc-
directions, two distinct branches are observed in the range dfon corresponds certainly to anisotropy effects, resulting
{ between 0 and approximately 0.3. These excitations werfom exchange, single-ion, or two-ion terms.
fitted using two Gaussians on a sloping background. The Figure 6 shows energy scans@t=(110) performed at
upper mode displays only a weak dispersion, while the entemperature3 =10, 60, 111, and 159 K. As the temperature
ergy of the lower mode increases from 10 meV fer0 to  increases, the energy of the longitudinal excitation decreases
15 meV for {~0.3. Above {~0.3, only one peak is ob- from 10.2 meV aflf=10 K down to 7.3 meV af =111 K,
served. This could mean that the transverse and longitudina¥hereas the transverse excitation decreases from 14.9 meV
excitations have the same energy, or that the longitudinait low temperatures down to 8.9 meVTat 159 K. The inset
mode is no longer observable because the amplitude vair Fig. 6 shows the corresponding temperature dependencies
ishes. of the T andL modes. At higher temperatures, the magnetic

An indication that the two excitations may exist in the excitations are no longer detectable above the increasing
whole ¢ range but with identical energies f¢r>0.3 is given  low-energy nuclear intensity. However, as shown in the inset
by the analysis of th¢ dependence of the integrated inten- of Fig. 6, the observed temperature dependence of the exci-
sities given in Figs. ) and 5b). Within the accuracy of the tation energies is consistent with a monotonous behavior and
measurements, the intensity of the unique peak ahpve vanishing gaps &y . Measurements with improved resolu-
=0.3 is equivalent to the sum of the individual intensities oftion, performed in order to follow the gap at higher tempera-
the two peaks measured ¢ 0.3. However, it could also tures, were without success due to the important loss in in-
be that the low-energy excitation disappear for0.3, as tensity.
suggested by its decreasing amplitude wjtfsee Fig. 3. A few measurements of the phonon dispersions were per-

In the [00Z] direction, the dispersion is initially very formed with both high and low resolution, in order to inves-
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FIG. 6. Energy scans &@=(1,1,0) at different temperatures.
FIG. 5. (a) Dispersion alongQ=(1+¢,1+¢,0) atT=10K and  The background shown by the dashed line increases as the Bose
(b) integrated intensity. Symbols as in Fig. 4. The inset shows thdactor. The arrow indicates the energy of the transverse mode. The
three « vectors corresponding t@=(1+7,1+¢,0) (two of the  inset shows the temperature dependence of the longitudinal and the
modes are degenerate in thiL0] direction, sincex, and k, are  transverse modes.

symmetrig. . . -
y 9 shows a comparison between the ddbauer characteristics

(ordered moment, isomer shift, and quadrupolar interagtion
tigate possible magnetoelastic coupling. In general, thef different magnetic states with the experimental results for
phonons in NpBi are softer compared to USh, as expectetpBi. The values correspond to pure CEF states without
from the difference in atomic masses. ’s

B '{' T

IV. DISCUSSION

20
A first result of this study is the confirmation of the i TO y

triple-k nature of the typé- antiferromagnetic ordering of I
NpBi previously deduced from neutron-diffraction v 15 Bi

. " g0 NpBi
measurement$.Indeed, the magnetic excitation spectrum < !
consists of two branches with longitudinal and transverse %0 . LA
polarization, respectively. As shown by Jensen and Bile, S10FLA - T

presence of a low-energy branch with a longitudinal polar-
ization is a signature of tripl&-ordering. Such a mode does - ~

e b v b b g N

not exist in a collinear structur@n which all the excitations 51 L TA > .

are transverge even taking into account ¢h3 K domains. [/ o TA °.

This statement is discussed in the Appendix. e 1 0\\
The trivalent nature of the neptunium ioNp>*, J=4) is 0 P I N B S R B

determined from the Mssbauer isomer shift. In cubic sym- 0 0.5 1 08060402 0

metry, the ®I, multiplet is split by the CEF into four [00g] [£co1

states: a singlel’;, a nonmagnetic doubldi;, and two
triplets, I, andI's5, with magnetic moments of 0.3% and

FIG. 7. Phonon dispersion curves of NpBi. The dashed lines
1.54u5, respectively(Table ). These moments are much represent the USb phonon dispersiaf Ref. 3. The symbols¥

smaller than the ordered moment of Zug3measured by and @ correspond to the longitudinal and transverse phonons of
neutron diffraction and Mssbauer spectroscopy. Table | NpBi, respectively.
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TABLE I. Ordered momeniny, the isomer shifi;s, and qua-  triple-k typed structure below a relatively high ¢ tem-
drupolar interactione’qQ of Np*" free ion (5f* configuration  perature of 192 and 213 K, respectively. Well defined spin
compared with two different CEF states and with observed valuegygves with an anisotropy gap are observed at low tempera-

of NpBi. tures. The spin-wave damping increases with temperature. In
2 spite of these similarities, some important differences must
Mo (1e)  Os/NpAl (mm/s — e7qQ be pointed out. The behavior of USb can be described with a
Np®* free ion 259 38 —273 CEF scheme witH'; triplet as ground state and additional
Ts 154 38 -39 anisotropic exchange interactionisee Table M. Such a
r, 0.37 38 13.7 model is in good agreement with the spin-wave dispersion
NpBi 2.63 (11) 25.1 (3) —311 curves, the Nel temperature, _the value of the ord_ered mo-
ment, and the moment direction. It was claimed in Ref. 14
% or intermediate coupling. that the spin-wave dispersion of USb is isotropic along the

[100], [110], and [111] directions, which implies that the

exchange meractons. The mamentn the CEF ground ffEC1UPT leelons e much wesker ir e C6F The
can be increased in the presence of exchange interaction pietely pEl,

Such a model including both crystal electric field and aniso-ordered magnetic moment in NpBi is only compatible with a

tropic exchange interaction was previously developed foJu"y degenerate)=4 multiplet grogr!d state, a}nd corre-
USbS For NpBI, this model, when used with parameters giV_sponds therefore to a small CEF splitting. The slightly aniso-

ing the correct Kel temperature and anisotropy gap cat tropic dispersion observed along thE00] and[110] direc-

=(001), does not give an accurate description of the disper.t-Ions may - originate in th|§ case from quadrupolar
. . : interactions, given by the Hamiltonian
sion curve, and the moment obtained is only about.2.for
theI's state, with the moment along th&00 axis. An easy
(111) axis can be obtained, associated with a moment in the Q=—2 K;;(KQQ;,
ground statel(s) of only 1.7ug. These values are well out- "
side of the experimental errors of the measured ordered mavherekK; ;(k) are the Fourier components of the quadrupolar
ment. We conclude that the experimental momentinteraction andQ, are the Fourier transform of the quadru-
[2.63(4)ug] corresponds to that of the Ripfree ion in the  polar componentsQ=(09), (032), and(P;;) (c.f. Ref. 15
intermediate coupling scheme (2/59. The ground state for the notation. In NpBi, the local magnetic symmetry of
J=1J, is corroborated by the results of Mdsbauer spectros- the neptunium site is trigonal, and the dominant quadrupolar
copy, which show that the quadrupolar interaction in NpBiterm is(P;;). An analysis of the stability of antiferromag-
corresponds to the free ion Ry and not to the quadrupolar netically ordered multk structures in simple cubic com-
interactions expected for the CEF ground statg®r I's (cf.  pounds has shown that this structure can be stabilized by an
Table |). Furthermore, the high-temperature magnetic susantiferroquadrupolar interactioR. A full analysis of the
ceptibility corresponds to an effective moment of magnetic behavior of NpBi along these lines would require a
2.90(5)ug, which is in perfect agreement with the result of more complete set of experimental data.
a free-ion N§* state Mez=2.87ug). It is clear from these The INS measurements in USb have shown that the trans-
observations that the gap which has been obtained in theerse acoustic phonon has exactly the same energy as the
magnetic dispersion curves cannot be explained from anghagnetic excitation at th¥ point [ Q= (110)].'* However,
CEF splitting. To our opinion, the gap of 10 meV that hasit was concluded that this is accidental and that there is no
been observed af=(001) originates from other interac- strong magnetoelastic coupling in USb. In NpBi, near Xhe
tions, which could be anisotropic as suggested by the differpoint [Q=(1,1,0) andQ=(0,0,1.1), no phonon was ob-
ent dispersion curves along the0Z] and[{Z0] directions. served in the range of energ§—20 me\f where spin waves
NpBi presents strong similarities with the isostructuralare detected. This excludes a strong magnetoelastic term in
U-based compound USb. Both compounds order in thehe Hamiltonian in NpBi as well.
From the present study, we can conclude that the antifer-
TABLE II. Ordered momentm, for the 5f% configuration of ~Fomagnetic triplek typed structure is stabilized in NpBi by
U%*. Free ion as well as cubic crystal-fieltistate values are given dominant two-ion interaction terms: the anisotropic ex-
in intermediate coupling scheme. These values are compared wighange and the quadrupolar interaction, with only a weak
the moment of USh. CEF and no magnetoelastic coupling. This is in contrast to
USb, where the anisotropic exchange term and the CEF
my (ug) terms are dominating. However, it is not clear in the case of
USh that theP;;) quadrupolar terms are negligible, aslgla

U*" free ion 3.68 and Furret assumed. The differences between NpBi and
l“,i 1.38 USh clearly illustrate that the magnetic properties of actinide
I'g 1.07-2.48 compounds are very sensitive to small changes in the differ-
I3 1.54-2.8 ent interactions.
I's with exchange 2.73+0.05
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APPENDIX: DYNAMIC COMPONENTS IN AN fcc

= i(2mreri— o) g* 4 g=i(2mK-ri—wt) i(2mky ;)
ANTIFERROMAGNETIC TRIPLE-k TYPE- | STRUCTURE Amy, =—Am[e Tedt+e mebd]elte Ty,
In an ordered state the magnetic moment at thersited Am, =Amf[e/?merime eI Zmernimel]elCme ),
time t can be written in a classical picture as the sum of a (A3)
ic (n n nami mponent: ) _ _
static Msa and a dynamic i) component d=(1/\/6+i/v2)/2, f=1/\/6 andd* is the complex conju-
mM(r,t)=mMg{r)+Mgy(r,t). gate ofd.

) ] ) For any reduced wave vector, threex; vectors are de-
On each site, we consider a local coordinate systemyeq from Eq.(A2), by considering the threk; vectors.
(ui,vi,w;), with w; along the direction of the static compo- Tys in the general case, three excitations must be observed
nent. The dynamic parttransverse compone@nprecesses at any scattering vectdd. These excitations may be partly
around the static component and it can be described usingsgenerate in certain high symmetry directions. Since there
the two vectors (§;,v;) as are four magnetic atoms in the magnetic cell, there is also a
structure factor associated with each mode,

Mgyr(ri,t) = mdyn(e=(¢7wt)[(ui —ivy)/2]

+e T (uHiv)2)]. (AL Fue= >, Am; @7
ri in !
Spin waves are collective modes, for which there is a relation magn. cell
between the phases; of the different sites. In a physical wherej=x, y, andz andAmji is given by the formuldA3).

picture of spin waves, the phagg can be written as At the magnetic zone centée.g.,Q=(001) orQ=(110)],
_ r there are two excitation energies: the low-energy excitation
di=2TK-T;, . . - .

_ ) ) (E,) if k=(000) and the high energy excitatiok) if «
where k is the reduced wave vector defined with respect t0=(100), (010, or (001). In the case of a singlk-structure,
the antiferromagnetic zone cenieee inset Fig. bby the scans performed &= (001) andQ=(110) show two
peaks if the three domairik,, k,, andk,) exist. Of course,

Q=7+q=r+k+x, (A2) if there is only one domain, only one peak appears in the
whereQ is the scattering vectok the propagation vector, scans. In the case of a tripkestructure, the scan performed
and T a reciprocal lattice vector. at Q=(110) shows two peaks, while the scan performed at

For a triplek structure the static part of the moment at aQ=(001) has only one peak at high energy. The low-energy
site r;=(x;,y;,z) lies along the direction[(—1)%, peak corresponds to magnetic fluctuations along the mag-
(—1)%,(—1)%], which allows to define basal unitary vec- netic wave vectofso defined as longitudinal charagtéut
tors of the local system as the actual moment fluctuations are purely transverse with

respect to the local moment direction. The absence of this
1 « v 5 excitation at Q=(001), which follows from thatQ is
Wi:‘/_j [(=D)7 (=) (=D)%], prependicular taAm, is the signature of the triple-struc-
ture. The longitudinal and transverse modes atIthgoint
1 have been well represented in Ref. 16. Along the symmetry
= (=15 —(=1)i.0 directions[£00], [££0] and [&€€], the number of observed
Vi [(=1)%,—(=1)%,0], LSV
v2 branches is limited due to energy degeneracy.
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