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Evolution of magnetic structures in NpAs1ÀxSex solid solutions
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We report Mössbauer spectroscopy, magnetization, and neutron-diffraction measurements on four samples
(x50.05, 0.10, 0.15, and 0.20) in the mixed system NpAs12xSex . The evolution of magnetic phase diagram
vs the temperatureT and the Se concentrationx has been determined. Up tox50.15, three distinct phase
transitions are present. The first antiferromagnetic~AF! at TN(x) is from paramagnetism to an incommensurate
phase, the second, atTC(x), is to a ferromagnetic~FM! phase, the third atTm(x) is from pure FM to a mixed
phase where AF and FM ordering coexist along perpendicular directions. The temperatures of the transitions
are functions of Se concentrationx. The incommensurate structure is described by a longitudinal amplitude

modulated sinusoidal wave with a wave vectorkW in the range (0 0 0.14–0.24) that is shifted toward the center
of the Brillouin zone with increasingx. A squaring up of this wave, if present, is too small to be detected. At
TC(x) all Np sites become equivalent and the moment directions become^1 1 1&. Surprisingly, atTm(x) AF
interactions again become important and cause the moments to rotate and to align along^221& directions.

Measurements in an external magnetic field up to 4.8 T have allowed us to determine the 1kW nature of the AF
component forT,Tm and to establish the moment directions. Increasing Se content reduces the incommen-
surate phase to a small range ofT and reduces the AF interactions. Atx50.20 pure FM behavior, as shown by
the magnetization measurements, is recovered. The saturated Np moments at lowT decrease slightly with
increasingx.
y
o
th

e
nd
u

ec
ts

n

-

ap
y
n

is

-

-

r-
the
the

era-
p

os-

to

tial
ued
d
are
F,
I. INTRODUCTION

The solid solutions that we have studied are made b
combination of a Np monopnictide with a Np monochalc
genide. The parent compounds belong respectively to
light actinide (An5U, Np, Pu) monopnictidesAnX (X
5N, P, As, Sb, Bi) and monochalcogenidesAnY (Y
5S, Se, Te) families, all with the fcc NaCl-type structur
Since the beginning of research on transuranic compou
these families of compounds have been studied widely. B
despite considerable experimental1 and theoretical efforts,2

their physical behavior is far from understood. With resp
to magnetism, the UX compounds are all antiferromagne
~AF! and the UY are all ferromagnets~FM!, but this simple
division is not found in the analogous Np compounds, a
possibly the biggest surprise is the lack of any magnetism
the PuY compounds.3,4 In Table I we report the known mag
netic properties of NpX and NpY compounds. The lattice
parameters~a! are large enough to prevent direct overl
between 5f electrons, so hybridization and exchange pla
crucial role, and must involve both the conduction electro
and the anionp states. With the exception of NpN, which
PRB 620163-1829/2000/62~22!/14920~8!/$15.00
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ferromagnetic, the NpX materials show AF order with com

ponents alonĝ001&, and an interplay of 1kW and 3kW struc-
tures that is found in abundance in the UX compounds.5,6

The behavior of the NpY compounds is substantially differ
ent from that of the NpX systems. Although they all show
AF order, the ordering is of type II, which consists of alte
nating (111) FM planes rather than the (001) planes in
type-I arrangement, and there are drastic reductions in
ordering TN ~by about a factor of 5! and in the magnetic
moment values. Moreover, the paramagnetic Curie temp
tures (up) are negative whereas they are positive in the NX
compounds. The exact moment directions in the NpY com-
pounds are not yet completely solved as a number of p
sible multi-kW configurations are possible.5

The present experiments start with NpAs and proceed
add Se. Substituting Se adds onep electron, presumably to
the conduction band, thus modifying the chemical poten
and the hybridization. Studies of this sort have been purs
mainly in the UX-UY systems,5,6 whereas in the Np-base
systems only studies in the NpSb-NpTe system
available.7 Despite both the parent compounds being A
14 920 ©2000 The American Physical Society
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TABLE I. Lattice parametera and some magnetic properties of NpX and NpY compounds.TN,C indicates a transition from paramagn

to an ordered magnetic structure,T8 indicates a transition between different magnetic structures.kW is the propagation vector of the observe
magnetic structures.m0 is the ordered magnetic moment measured by neutron diffraction at low temperatures~LT! and me f f is the
paramagnetic moment.

a (Å ) TN,C (K) up (K) kW Easy Magnetic m0 (LT) me f f

T8 (K) axis ordering (mB) (mB)

NpN 4.897 87 86 ^0 0 0& ^1 1 1& FM 1.4 2.13
NpP 5.615 120 96 ^0 0 1/31«& 2kW , Inc.

95 70 ^0 0 1/31«& 3kW , Inc.
70 ^0 0 1/3& ^0 0 1& 1kW 3132 1.9 2.85

NpAs 5.838 173 184 ^0 0 0.233& ^0 0 1& 1kW Inc.
154 ^0 0 1/4& ^0 0 1& 4142 1kW

138 ^0 0 1& ^1 1 1& 3kW type I 2.6 2.82

NpSb 6.254 200 150 ^0 0 1& ^1 1 1& 3kW type I 2.5 2.56

NpBi 6.438 192.5 114 ^0 0 1& ^1 1 1& 3kW type I 2.63 2.90

NpS 5.527 .22 281 ^1/2 1/2 1/2& ? ? type II 0.8 2.1
NpSe 5.804 38 2130 ^1/2 1/2 1/2& ? ? type II 1.1 1.9
NpTe 6.198 42 2105 ^1/2 1/2 1/2& ? ? type II 1.4 2.3
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5% doping of Te is enough to induce a mixed magne
ordering at lowT, resulting from a FM component alon
^1 1 0& and an AF one alonĝ0 0 1& . The authors concluded
that moments are alternatively close to^111& and^111̄&. At
10% doping of Te the solid solution is purely FM with mo
ments alonĝ 1 1 1&.

Pure NpAs and NpSe compounds have been studied
various techniques. NpAs orders atTN.173 K ~Refs. 8 and
9! into an incommensurate 1kW state, has a lock in transitio
to a commensurate (41,42) phase atTIC.154 K,10,11 and
then again atTo5138 K a first-order transition occurs to
3kW state of type I. This latter transition forces the latti
symmetry to be cubic, so the small tetragonal distortion
served when the AF order is 1kW is removed.11 The low-
temperature magnetic moment is about 2.5mB close to the
free Np31 ion value in intermediate coupling (2.57mB). At
4.2 K, an external magnetic field induces a FM compon
resulting in a mixed AF-FM phase (HW between 4 and 6 T!.
The easy axis iŝ1 0 0&, up to 10 T the system stays in th
mixed phase.9 Resistivity measurements12 show the traces o
the phase transitions, at lowT NpAs is a semimetal. Mo¨ss-
bauer measurements at 4.2 K are well fitted with a sin
Np31 site and the hyperfine field corresponds to a magn
moment of 2.52mB .13

The situation for NpSe is less clear. It displays a seco

order transition to an AF type-II phase (kW5@ 1
2

1
2

1
2 #) at 38 K

with mW kW'kW but the actual structure has not been determin
The two more realistic possibilities seem to be a 2kW or a 3kW
structure with possibly two different magnetic Np sites. T
magnetic moment is about 1.2mB , much lower than the free
ion value. Mössbauer spectra14 at low T present broad line
shapes. This, together with the higher average magnetic
ment (1.4mB) estimated from the Mo¨ssbauer data, sugge
that long-range ordering coexists with short-range magn
correlations.
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In the present paper we report237Np Mössbauer spectros
copy, magnetization, and neutron-diffraction measureme
Mössbauer spectroscopy is a local probe that gives the
perfine Hamiltonian parameters, allows the determination
the valence state of the Np ions, and of the magnetic mom
value at the Np sites. Magnetization and neutron-diffract
on single crystals gives information on the easy direction
magnetization and details of the magnetic structures, res
tively, as well as the value of the moments.

II. EXPERIMENT

Crystals were grown by mineralization technique.15 For
each givenx, all samples came from the same batch. T
growth process gives a confidence level on nominal stoich
metry of about 1%.

Mössbauer measurements were performed on crus
single crystals at 4.2 K. The source was a foil of241Am
metal. The Mo¨ssbauer velocity scale was calibrated with re
erence to a NpAl2 absorber (Bh f.330 T at 4.2 K!. Hyper-
fine interaction parameters were obtained by least-square
ting of the absorption spectra using an appropriate effec
hyperfine Hamiltonian.

For magnetization measurements crystals were orien
along the main crystallographic axes. Magnetization m
surements have been made at ETH Zu¨rich and ITU
Karlsruhe using moving sample magnetometers in field up
10 T and a superconducting quantum interference device
to 7 T, respectively.

Neutron-diffraction measurements have been made u
the D15 diffractometer, installed at the ILL high flux reacto
working in the normal-beam geometry. The advantage of
geometry is the possibility of monitoring both the
scattering-plane and the out of scattering-plane reflecti
~up to 35°). All the samples for the neutron experimen
~single crystals of a few mm3) were oriented with a twofold
axis vertical and mounted in a cryomagnet with maximu
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14 922 PRB 62A. BOMBARDI et al.
obtainable field of.4.8 T and temperature control betwee
5 and 300 K. Data were corrected for absorption. Due to h
symmetry of the NaCl crystal structure only two structu
factors are present. This prevents a refinement of all st
tural parameters~scale factor, Debye-Waller factors, extin
tion correction, and stoichiometry! at the same time. We as
sumed nominal stoichiometry and reasonable Debye-Wa
factors in order to estimate the scale parameter and ex
tion factor in the paramagnetic phase. The extinction chan
between the ferromagnetic and paramagnetic phases bu
presence of the FM contribution makes it difficult to estima
the new extinction parameter at low temperature. We h
therefore estimated magnetic moments by using only w
reflections at low angles.

III. MÖ SSBAUER SPECTROSCOPY

As shown in Fig. 1, the Mo¨ssbauer spectra at 4.2 K o

FIG. 1. 237Np Mössbauer spectra for NpAs and NpAs0.90Se0.10at
4.2 K.
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pure NpAs and of the diluted samples are very similar. T
well resolved magnetic hyperfine splitting unambiguou
indicates the presence of magnetic order. The spectra o
the investigated compounds were fitted assuming a single
site experiencing both electric and magnetic hyperfine in
actions. The small hyperfine field and quadrupolar spre
due to local environment effects whenx.0 manifest them-
selves as a slight increase of the Lorentzian linewidthsW
(W.3.5 mm/s and 4.9 mm/s forx50 and 0.20, respec
tively!. It is worth mentioning that an induced electric-fie
gradient is present in the ordered state although the Np
are in cubic symmetry~at least in the 3kW type-I magnetic
structure!. The values of the isomer shiftd IS @Fig. 2~c!# allow
a Np31 charge state to be assigned for all NpAs12xSex stud-
ied compounds. Furthermore, the value of the quadrup
interaction parametere2qQ in NpAs (228.6 mm/s) is very
close to the free Np31 ion estimate (227.3 mm/s), which
confirms the occurrence of such a charge state.16

Figure 2~a! shows that the hyperfine field (Bh f) exhibits a
maximum value atx.0.05–0.10 whereasue2qQu decreases
andd IS increases continuously when raising the Se conte
Notice thatBh f , proportional tô Jz& in a first approximation,
is close to the free ion Np31 value (;5300 kOe) whereas
e2qQ related tô 3Jz

22J(J11)& is strongly reduced whenx
increases. The latter behavior indicates that^Jz

2&.^Jz&
2 and

in turn ^Jz&, i.e., the Np magnetic moment decreases m
notonously when substituting As with Se. Thus the sm
increase (;3%) of Bh f observed betweenx50 and x
50.05 is attributed to a change of magnetic structure wh
induces a different transferred hyperfine field contribution
Bh f .17 These conclusions are nicely corroborated by
neutron-diffraction results discussed in Sec. V.

IV. MAGNETIZATION MEASUREMENTS

At high T all the samples show a Curie-Weiss behavior
the susceptibility with an effective magnetic moment (me f f)
close to the free Np31 ion value and slightly decreasingup
with increasingx as shown in Table II. Magnetization curve
at high T in small field for x50.05 clearly show two mag-
netic phases with a first-order transition around 157 K,
Fig. 3. Hysteresis loops at lowT have been measured for th
FIG. 2. 237Np hyperfine pa-
rameters in NpAs12xSex at 4.2 K.
The isomer shift is relative to the
241Am metal source.
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TABLE II. Some of the symbols are defined in Table I. The new ones are the FM component (mFM), the AF moment (mAF), and the
total momentm, that are measured by neutron diffraction at lowT. The saturated momentm* is obtained by magnetization measureme
along ^1 1 1&.

x a (Å ) mFM mAF m* m up me f f

RT x rays (mB) (mB) (mB) (mB) ~K! (mB)

0 5.8383(3) 2.6(1) 2.6~1! 184 2.82

0.05 5.8402(2) 2.3(2) 0.8(1) 2.00 2.4(2) 180 2.95
0.10 5.8426(2) 2.4(2) 0.6(1) 2.00 2.5(2) 181 2.75
0.15 5.8462(5) 2.1(2) 0.7(1) 1.89 2.2(2) 168 3.07
0.20 5.8487(5) 2.2(2) 2.02 2.2(2) 161 2.92

1 5.8054(4) 1.1(1) 1.1~1! 2130 2.15
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main crystallographic directions up to 9.5 T. The order
ferromagnetic components of magnetic moments
strongly reduced if compared tome f f , and slightly decrease
with increasingx. The hysteresis loops become broader w
increasing Se content.

For x50.15 andH.5 T we find a plateau in the hyste
esis loop, which could indicate the presence of an interm
diate phase. In addition, forx<0.15, the easy axis change
with decreasingT from ^111& to ^110&, indicating a transi-
tion to a different magnetic structure. Forx50.05 and 0.10 a
deviation from normal ferromagnetic behavior is observ
already below 150 K and forx50.15 a transition is clearly
observed around 75 K~see Fig. 4!. This transition does no
depend critically on applied field. The strong reduction of t
net magnetization together with the variation of easy a
clearly indicate a complex ferrimagnetic ordering. Atx
50.20 a different behavior is found forH>0.5 T. There is
no trace of the transition to the complex mixed structure. T
sample has a first-order transition to a FM phase, with e
^111& direction, at about 150 K.

FIG. 3. Magnetization measurements in low field forx50.05
clearly display the existence of two magnetic phases with a fi
order transition between the two.
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V. NEUTRON RESULTS

A. xÄ0.05

Measurements on this sample have been performe
zero magnetic field. In Fig. 5 we reproduce the evolution
the magnetic intensities given in Ref. 18. AboveTN
5175 K only nuclear reflections allowed by the fcc symm
try are present. BelowTN extra intensities develop at th
family of equivalent lattice position$k 2 0% corresponding to
a propagation vectorkW'@0.14(2) 0 0# that decreases asT is
lowered. The same integrated intensities are obtained in
three directions@k,2,0#, @2,k,0#, and@2,0,k#, as expected for
an fcc structure with equivalent domain volumes. The a
sence of intensity in the first Brillouin zone indicates thatmW

is parallel tokW , wheremW is the Fourier component propaga
ing along the wave vectorkW . The measured intensity is re

t-

FIG. 4. Magnetization measurements on two samplesx
50.10,0.15) show the deviation from normal FM behavior. In~a!
~field cooled, FC! at T.150 K the easy axes changes from^1 1 1&
to ^1 1 0&. The moment belowT.100 K stays almost constant. I
~b! ~zero field cooled, ZFC! the initial absence of a signal in th

low-temperature low-field (HW 52 T) experiment is due to domain
effects. ByT.50 K a single domain is produced, the magnetizati
is independent of temperature, and the easy axis is^1 1 0&. This
changes abruptly atT575 K, where the easy axis becomes^1 1 1&.
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lated to an amplitude modulated collinear sinusoidal wa
with kW and mW kW parallel to the cubic axes. AtT.148 K the
amplitude of the Fourier component is.1.7mB . On a fur-
ther decrease ofT the magnetic order changes. AtTC
5147 K the incommensurate intensity disappears and an
tra magnetic contribution appears on the nuclear reflectio
This signifies a first-order transition to FM. Due to the F
domains the moment direction cannot be determined by n
tron diffraction but the magnetization data show that the e
direction is ^1 1 1&. Decreasing T further, at Tm
5131 K (m5mixed) a magnetic contribution develops
(0 1 1) and equivalent lattice positions, corresponding to
AF wave vectorkW5^1 0 0&. The AF component is of type I
The three magnetic domains are not completely equiva
suggesting a 1kW rather than 3kW configuration, although this
needs to be verified by applying a magnetic field.

B. xÄ0.10

For this sample the evolution of magnetic intensities vT
in zero field is shown in Fig. 6. AtTN.175 K we measure a
magnetic intensity in the lattice direction@1 1 12k# which

FIG. 5. Magnetic intensity measured by neutron diffraction
NpAs12xSex ~taken from Ref. 18!. AF and incommensurate com
ponents are multiplied by 4. The arrows mark the temperature
transition.

FIG. 6. Magnetic intensities measured by neutron diffracti
AF and incommensurate components are multiplied by 4. The
rows mark the temperatures of transition.
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shows the existence of an incommensurate collinear ph
with propagation vector̂0 0 k& wherekW decreases linearly
with T from k50.17 at;175 K to k50.14 at;162 K. At
;164 K a first-order transition occurs to a FM phasek
50) and magnetic moments are, as measured by magne
tion, along the ^1 1 1& direction reaching.2mB at T
5120 K. This phase is not stable at lowT. Around Tm
.120 K a new peak develops at (110) and equivalent lat
positions, corresponding to an antiferromagnetic compon
(k51) of type I, as in thex50.05 sample.

The application of an external magnetic field along@11̄0#
allows us to determine the type of magnetic ordering. T
external perturbation lifts the degeneracy between the th
directions@0 0 1#, @1 0 0#, and@0 1 0#. In the case of a 1kW

ordering only the domain withkW ~andmW kW'HW ) will survive,
for a 3kW structure no change is expected in the AF intens
whereas for a 2kW a more complex redistribution of intensit
is expected. In our case, withHW //@1 1̄ 0#, only the peak at
(1 1 0) position survives and its intensity is about thr
times the zero-field intensity.

The phase diagramH-T for this sample is reported in Fig
7. The incommensurate phase closes at about 1.2 T. The
of FM phase to higherT is an effect of the high Np ion
susceptibility. Up to 4.8 T the AF component does n
change, and this is consistent with hysteresis loop that u
10 T does not show any variation.

C. xÄ0.15

At this concentration all the phases found at lowerx are
present. The main difference is thatTN andTC now approach
each other and there is little of the incommensurate ph
The AF component develops atTm.80 K and, as in the
other samples, this mixed phase is stable down to lowT. An

of

.
r-

FIG. 7. Phase diagram forx50.10. Up to 4.8 T an AF compo-
nent ~triangles! is still present, whereas the incommensurate ph
closes at about 1.2 T~small circles!. In an external field the Curie
temperatureTC is not well defined because of the high Np susce
tibility that masks the real transition from PM to FM~dashed lines!.
At higherT circles mark the starting point of magnetic intensity o
@1 1 1# reflection and at the lowerT the point at one-half of the
height of the extra intensity. The maximum applied field of 4.8
sets a lower limit to the anisotropy energy.
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aspect that is very clear in this experiment is the rotation
the FM component of the magnetic moment. In fact the pr
ence of AF ordering along the direction@001#'HW in the
mixed phase obliges the ferromagnetic component to b
the@110# direction. So the mixed phase occurring implies t
FM moment rotation. This effect is easily verified by mon
toring two nuclear reflections~Fig. 8!. The measured mag
netic intensities are}mW FM

2 ^sin2 a& wheremW is the magnetic
moment,̂ & is the average overm̂ anda the angle between
m̂ and the diffraction vectorQ̂.

In zero field the intensities of the eight degenerate refl
tions $111% are equivalent, because moments in the cry
are equally distributed along these axes. As a consequ

^sin2 a&52/3. Applying a field HW uu@11̄0# lifts the degen-
eracy. For 80<T<170 K ~purely FM sample! mW 5mW FM and
moments are equally distributed along only two directio

@11̄1# and@11̄1̄#, which are closest toHW . If we consider the
in-plane scattering (111) reflection^sin2 a&524/27, whereas
the (11̄1) reflection that is.30° out of the scattering plan
gives ^sin2 a&512/27. For 5<T,80 K ~mixed phase! mW 2

5mW FM
2 1mW AF

2 , and on the nuclear reflections we measu

only the FM component that is directed along@11̄0#,
whereas the total moment is directed along an axis betw

@11̄0# and@11̄1#. This gives for (111) reflection in applie
field a ^sin2 a&51, whereas for (11̄1) ^sin2 a&51/3. In order
to compare directly with high-temperature FM phase
have to consider thatmFM.mT•8/9 and this causes a furthe
reduction of the measured intensities.

D. xÄ0.20

A neutron experiment on thex50.20 showed that it is
FM at TC;150 K with probably a first-order phase trans
tion to paramagnetism. No evidence for any AF compon
was found atHW 50.

FIG. 8. Magnetic integrated intensities vsT measured on (111)

peak~triangles! and (1̄11) peak~circles!. Sample is field cooled in

a 0.5-T field. Data at low temperature in zero field for peak (111̄)
are reported as squares. The effect of moment rotation due to
AF components is evident. Reported numbers are coefficients
originate from geometrical dependence of magnetic interact
~see text!.
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VI. DISCUSSION

The phase diagram of NpAs12xSex is reported in Fig. 9
and shows the evolution of the magnetic properties in z
field and increasing Se content. With increasingx the range
of the incommensurate phase rapidly decreases, the m
phase tends to lowerTm , whereasTC(x) increases slightly
and then stays almost constant. The details of the trans
betweenx50 andx50.05 are not yet investigated; a stud
of this region could reveal the existence of a multipha
point.

The magnetic moments arrangement at lowT are similar
for all low Se concentrations, and are shown in Fig. 10. T

he
at
s

FIG. 9. Magnetic phase of NpAs12xSex at zero field. Shaded
regions are not yet explored. Magnetic behavior of pure NpAsx
50) as well as pure NpSe (x51) are reported.x50.05 is enough
to destroy completely the magnetic ordering found in pure Np
Various transitions are expected in the region 0.0,x,0.05. The
dashed lines indicate possible evolutions of the magnetic pha
presenting a multiphase point. The moment direction in NpSe
unknown.

FIG. 10. Magnetic moment arrangement at lowT in
NpAs12xSex with 0.05<x<0.15. In the domain shown the FM
component is along@110# and the AF component along@001#. The
anglea is .18°.
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magnetic moments lie in the plane defined by^1 1 1& and
^1 1 0& and the angle witĥ 1 1 0& direction is about 18°.
Previously, the only system studied in such a transuran
solid solution was NpSb-NpTe.7 There are some similar fea
tures, but also some differences between the NpSb12xTex
and NpAs12xSex systems. In both cases ferromagnetism
pears at relatively lowx, 0.10 in the NpSb-NpTe, andx
50.20 in the NpAs-NpSe compounds. The most nota
similarity is that thetwo component magnetic structure~with
both an AF and a FM component! was first identified in the
NpSb12xTex with x50.05. A magnetic field was not applie
to the sample in the neutron experiments reported, so tha
information is not as complete as in our present study,
the underlying interactions are clearly similar. On the oth
hand, the initial ordering temperature~from the paramagnetic
state! drops rapidly with x in the NpSb-NpTe system
whereas, as shown in Fig. 9, this is not the case in the sys
reported here.

Our experiments have opened a number of new pers
tives on the study of solid solutions of transuranium co
pounds. The principal observations are as follows:

~i! The low-temperature type-I 3kW structure of NpAs is
unstable. With a small change of the conduction-elect
concentration, i.e.,x50.05, it disappears and the 1kW behav-
ior that is found at high temperature even in NpAs returns
the ‘‘stable magnetic phase.’’ The 3kW magnetic structure in
USb has been treated theoretically recently;19 it would be
interesting to extend these calculations to NpAs and cons
the effects of a changing conduction-electron concentra
on its 3kW ground state. With the resolution of D15 we a
unable to determine the lattice symmetry of thex50.05
sample. X-ray experiments are planned on this sample at
temperature.

~ii ! A tendency to develop ferromagnetism with increa
ing x is found, and byx50.20 the sample is ferromagneti
A signature of this tendency is present also in the incomm
surate phase~Fig. 11!. The center of the incommensura
peaks shifts with increasingx and decreasingT toward the
FM wave vector. This is similar to that found in the anal
gous UX-UY solid solution.20 The fact that it is also found21

FIG. 11. Variation of the position of the center of the incom
mensurate contribution vs theT and the Se concentration.
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in the doping of UX by tetravalent Th shows that the effect
mainly related to the conduction-electron concentrati
However, it remains to extend the present studies to highx
as, unlike the case of doping UX with UY in which UY is
ferromagnetic, in this case NpY is antiferromagnetic. It is
clear that our experiments have not addressed this impo
question.

~iii ! An unusual intermediate state is found between
tendency to have the Fourier components of the magne
tion along^0 0 1& in the AF state and̂111& in the FM state.
Unlike in UX-UY solid solutions, in which the change be
tween these two states is abrupt, in the case of NpAs12xSex
we find an intermediate state in the region 0.05<x<0.15 in
which the moments actually rotate as a function of tempe
ture. This is shown most clearly in the magnetization curv
of Fig. 4 in which^1 1 0& becomes the easy axis. This sit
ation is observed directly in the neutron experiments
which the FM component rotates atTm from the ^111& to
^110&, and, simultaneously, an AF component develo
along the^0 0 1& axis perpendicular to the FM compone
~see Fig. 8!. The resulting magnetic structure is shown
Fig. 10. The final components of the moments are alm
along â 221& direction, so that the total moment also slight
rotates. Since the strong spin-orbit coupling in actinides
vors magnetic moments along the high symme
directions22 this situation is rather unusual, and suggests t
a balance between the single-ion anisotropy and the m
netic exchange determines the magnetic structures. Howe
despite this compromise leading to a rather unusual e
axis, the anisotropy in the system far exceeds any nor
laboratory magnetic field, as shown by the experiment
have performed at 5 T. The latter is not sufficient to chan
the direction of the magnetization. Anisotropies of this ma
nitude are common in actinide systems, and are though
arise from the hybridization between the actinide 5f and
anionp electrons.2 This unusual situation in the lightly dope
NpAs compounds gives a further test for theories develo
to understand these anisotropies.

~iv! We note that in these pseudobinary Np solid solutio
the lattice parameter~Table II! does not follow the Vegard
law vs x. In all the diluted samples the lattice parame
measured by x-ray diffraction23 at room temperature are big
ger than those of their parent compounds, coming close
the lattice parameter of the PuAs, which is a ferromagne

Our experiments have completed the preliminary stud
reported18 for x50.05 and revealed a rich behavior in th
small doping limit of NpAs. However, still remaining is t
explore the region of the phase diagram nearx51, when
another transition from FM to AF, but this time of type I
must occur.
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