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Evolution of magnetic structures in NpAs, _,Se, solid solutions
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We report M@sbauer spectroscopy, magnetization, and neutron-diffraction measurements on four samples
(x=0.05, 0.10, 0.15, and 0.20) in the mixed system NpASe,. The evolution of magnetic phase diagram
vs the temperatur@ and the Se concentrationhas been determined. Up 16=0.15, three distinct phase
transitions are present. The first antiferromagn@ii€) at Ty(x) is from paramagnetism to an incommensurate
phase, the second, @g(x), is to a ferromagneti¢FM) phase, the third af,,(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 concentration The incommensurate structure is described by a longitudinal amplitude
modulated sinusoidal wave with a wave vedtdn the range (0 0 0.14—0.24) that is shifted toward the center
of the Brillouin zone with increasing. 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 be¢arhel). Surprisingly, afT,(x) AF
interactions again become important and cause the moments to rotate and to aligi2@&fndirections.
Measurements in an external magnetic field up to 4.8 T have allowed us to determiriertatute of the AF
component folfT<T, and to establish the moment directions. Increasing Se content reduces the incommen-
surate phase to a small rangeTofind reduces the AF interactions. Y& 0.20 pure FM behavior, as shown by
the magnetization measurements, is recovered. The saturated Np momentsTatiémrease slightly with
increasingx.

. INTRODUCTION ferromagnetic, the Ny materials show AF order with com-
. . . onents along001), and an interplay of B and & struc-
The solid solutions that we have studied are made by res that is Qf{ounlé in abundanccf inythe( Wompounds:®

combination of a Np monopnictide with a Np monochalco- . : . .
genide. The parent compounds belong respectively to th‘(la'he behavior of the Ny compounds is substantially differ-
light actinide An=U, Np, Pu) monopnictidesAnX (X ent from that of the NE systems. Although they all show

=N, P, As, Sh, Bi) and monochalcogenideAnY (Y AF order, the ordering is of type Il, which consists of alter-
=S, Se, Te) families, all with the fcc NaCl-type structure, Nating (111) FM planes rather than the (001) planes in the

Since the beginning of research on transuranic compound®/P€-! arrangement, and there are drastic reductions in the
these families of compounds have been studied widely. Bufrdering Ty (by about a factor of band in the magnetic
despite considerable experimeftahd theoretical efforts, ~Moment values. Moreover, the paramagnetic Curie tempera-
their physical behavior is far from understood. With respectures () are negative whereas they are positive in th&XNp
to magnetism, the X compounds are all antiferromagnets compounds. The exact moment directions in the/ Njpm-

(AF) and the Y are all ferromagneté=M), but this simple ~ Pounds are not yet completely solved as a number of pos-
division is not found in the analogous Np compounds, andsible multik configurations are possibte.

possibly the biggest surprise is the lack of any magnetism in The present experiments start with NpAs and proceed to
the Pi compounds:* In Table | we report the known mag- add Se. Substituting Se adds gmelectron, presumably to
netic properties of N and NpY compounds. The lattice the conduction band, thus modifying the chemical potential
parameterga) are large enough to prevent direct overlapand the hybridization. Studies of this sort have been pursued
between 5 electrons, so hybridization and exchange play amainly in the UX-UY systems,® whereas in the Np-based
crucial role, and must involve both the conduction electronsystems only studies in the NpSb-NpTe system are
and the aniorp states. With the exception of NpN, which is available’ Despite both the parent compounds being AF,
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TABLE I. Lattice parametea and some magnetic properties of Xlpnd NpY compoundsT ¢ indicates a transition from paramagnet
to an ordered magnetic structufi€, indicates a transition between different magnetic structlrésthe propagation vector of the observed
magnetic structuresm, is the ordered magnetic moment measured by neutron diffraction at low temperdtlineand we¢; is the
paramagnetic moment.

a (A) Tne (K) 6, (K) K Easy Magnetic mg (LT) Meff
T (K) axis ordering ug) (mg)
NpN 4.897 87 86 (000) (111) FM 1.4 2.13
NpP 5.615 120 96 (00 1/3+¢) 2k, Inc.
95 70 (001/3+¢) 3K, Inc.
70 (001/3 (001) 1K3+3— 1.9 2.85
NpAs 5.838 173 184 (000.233 (00 1) 1K Inc.
154 (00 1/4 (001) 4+4— 1K
138 (001) (111) 3K type | 2.6 2.82
NpSb 6.254 200 150 (001) (111) 3K type | 2.5 2.56
NpBi 6.438 1925 114 (001) (111) 3K type | 2.63 2.90
NpS 5.527 =22 -81 (1/21/2 1/2 ? 2 type Il 0.8 2.1
NpSe 5.804 38 —130 (1/21/2 1/2 ? 2 type Il 1.1 1.9
NpTe 6.198 42 —105 (1/21/21/2 ? ? type ll 1.4 2.3

5% doping of Te is enough to induce a mixed magnetic In the present paper we repdit’Np Mossbauer spectros-
ordering at lowT, resulting from a FM component along copy, magnetization, and neutron-diffraction measurements.
(110) and an AF one alon¢0 0 1) . The authors concluded Mossbauer spectroscopy is a local probe that gives the hy-
that moments are alternatively close(ttl 1) and(llT). At perfine Hamiltonian parameters, allows the determ.ination of
10% doping of Te the solid solution is purely FM with mo- the valence state of the Np ions, and of the magnetic moment
ments along1 1 1). value at the Np sites. Magnetization and neutron-diffraction
Pure NpAs and NpSe compounds have been studied B9 Single crystals gives information on the easy direction of
various techniques. NpAs ordersB{=173 K (Refs. 8 and Magnetization and details of the magnetic structures, respec-

9) into an incommensuratekistate, has a lock in transition tively, as well as the value of the moments.
to a commensurate (4,4—) phase afl,c=154 K,'**and
then again afl ;=138 K a first-order transition occurs to a Il. EXPERIMENT

3k state of type I. This latter transition forces the lattice Crystals were grown by mineralization techniddieFor
symmetry to be cubic, so the small tetragonal distortion oby 4. givenx, all samples came from the same batch. The

served when the AF order isklis removed The low-  growth process gives a confidence level on nominal stoichio-
temperature magnetic moment is aboutug5close to the  metry of about 1%.
free NP ion value in intermediate coupling (2.53). At Mossbauer measurements were performed on crushed
4.2 K, an external magnetic field induces a FM componensingle crystals at 4.2 K. The source was a foil BfAm
resulting in a mixed AF-FM phaseH( between 4 and 6)T  metal. The Masbauer velocity scale was calibrated with ref-
The easy axis i$1 0 0), up to 10 T the system stays in this erence to a NpAl absorber B=330 T at 4.2 K. Hyper-
mixed phasé.Resistivity measuremerifsshow the traces of fine interaction parameters were obtained by least-square fit-
the phase transitions, at IoWwNpAs is a semimetal. Mgs-  ting of the absorption spectra using an appropriate effective
bauer measurements at 4.2 K are well fitted with a singldyperfine Hamiltonian.
Np3* site and the hyperfine field corresponds to a magnetic For magnetization measurements crystals were oriented
moment of 2.525.% along the main crystallographic axes. Magnetization mea-
The situation for NpSe is less clear. It displays a secondsurements have been made at ETHridu and ITU

order transition to an AF type-Il phas&zé[%%%]) at3g k  Karlsruhe using moving sgmple magnetometers in field.up to
s .10 T and a superconducting quantum interference device up
with mgL k but the actual structure has not beerl deterrrjlnedto 7 T, respectively.
The two more realistic possibilities seem to belad a Xk Neutron-diffraction measurements have been made using
structure with possibly two different magnetic Np sites. Thethe D15 diffractometer, installed at the ILL high flux reactor,
magnetic moment is about Jug, much lower than the free- working in the normal-beam geometry. The advantage of this
ion value. Masbauer specttaat low T present broad line geometry is the possibility of monitoring both the in
shapes. This, together with the higher average magnetic macattering-plane and the out of scattering-plane reflections
ment (1.4t5) estimated from the Mssbauer data, suggest (up to 35°). All the samples for the neutron experiments
that long-range ordering coexists with short-range magneti¢single crystals of a few m# were oriented with a twofold
correlations. axis vertical and mounted in a cryomagnet with maximum
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pure NpAs and of the diluted samples are very similar. The
well resolved magnetic hyperfine splitting unambiguously

100.0
: indicates the presence of magnetic order. The spectra of all
99.8 - the investigated compounds were fitted assuming a single Np
99.6 i site experiencing both electric and magnetic hyperfine inter-
L actions. The small hyperfine field and quadrupolar spreads
99.4 |- due to local environment effects whem-0 manifest them-
e [ x=0 T selves as a slight increase of the Lorentzian linewidths
z 920 77 7 (W=3.5 mm/s and 4.9 mm/s fox=0 and 0.20, respec-
% tively). It is worth mentioning that an induced electric-field
S 1 7 gradient is present in the ordered state although the Np ions
2 100 : $ - are in cubic symmetryat least in the B type-1 magnetic
= - U 348 TP structure. The values of the isomer shifs [Fig. 2(c)] allow
T 98r . ks Ul b ] a Np** charge state to be assigned for all NpAsSe, stud-
996 - | # fF &0 v ied compounds. Furthermore, the value of the quadrupole
. . interaction parametez?qQ in NpAs (—28.6 mm/s) is very
99.4 I- ][ 7 close to the free N ion estimate ¢ 27.3 mm/s), which
99.2 _—x-o 10 | ‘ ] confirms the occurrence of such a charge state.
Lo ] Figure 2a) shows that the hyperfine field(;) exhibits a
wor maximum value ak=0.05-0.10 wherea{se?qQ| decreases
2500 —100 0 00 200 and 6,5 increases continuously when raising the Se content.
VELOCITY (mm/s) Notice thatBy¢, proportional to{J,) in a first approximation,

) is close to the free ion N value (~5300 kOe) whereas
FIG. 1. 2*'Np Mossbauer spectra for NpAs and NpAsS& 0at  e2qQ related to{3J2—J(J+1)) is strongly reduced whex
4.2 K. increases. The latter behavior indicates tBh=(J,)? and

obtainable field 0=4.8 T and temperature control between in turn (J,), i.e., the Np magnetic moment decreases mo-

5 and 300 K. Data were corrected for absorption. Due to higifiotonously when substituting As with Se. Thus the small

symmetry of the NaCl crystal structure only two structureincrease ¢-3%) of By; observed betweex=0 and x

factors are present. This prevents a refinement of all struc= 0.05 is attributed to a change of magnetic structure which

tural parameteréscme factor, Debye-Wa”er factors, extinc- induces a different transferred hyperfine field contribution to

tion correction, and stoichiometrat the same time. We as- Bn¢.'” These conclusions are nicely corroborated by the

sumed nominal stoichiometry and reasonable Debye-Wallgreutron-diffraction results discussed in Sec. V.

factors in order to estimate the scale parameter and extinc-

tion factor in the paramag_netic phase. The ex_tinction changes IV. MAGNETIZATION MEASUREMENTS

between the ferromagnetic and paramagnetic phases but the

presence of the FM contribution makes it difficult to estimate At high T all the samples show a Curie-Weiss behavior of

the new extinction parameter at low temperature. We havéhe susceptibility with an effective magnetic momept,{;)

therefore estimated magnetic moments by using only weaklose to the free b ion value and slightly decreasirg,

reflections at low angles. with increasingx as shown in Table Il. Magnetization curves

- at highT in small field forx=0.05 clearly show two mag-
ll. MO SSBAUER SPECTROSCOPY netic phases with a first-order transition around 157 K, see

As shown in Fig. 1, the Mssbauer spectra at 4.2 K of Fig. 3. Hysteresis loops at loWwhave been measured for the

B, (kOe) eZqQ (mmis) 3, (mmis)
55501 T § T I -18 T T T T I 32r T T T T
. i g E
5500~ { 20[ 1 r ]
i ) ] i 1 31¢ LI
I 1 -22- + 1 ]
5450 ] I ¢ ] g 1 FIG. 2. ®Np hyperfine pa-
H 1 _24; § ] a0f rameters in NpAs_,Se at 4.2 K.
% F : ] The isomer shift is relative to the
5400 g i E 1 241Am metal source.
26+ 7 r L] b
I i 20F o .
=0 ¢ 28 ¢ 1 [ e e E
(a) ‘ by (c):
| | 1 1 1 | 1 | | | 1 | ]
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
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TABLE Il. Some of the symbols are defined in Table I. The new ones are the FM compangp},(the AF moment ih,g), and the
total momentm, that are measured by neutron diffraction at [dwThe saturated momem* is obtained by magnetization measurement
along(111).

X a (A) Mey Mar m* m Op Meff

RT x rays (g) (1e) (m8) (1e) (K) (m8)

0 5.8383(3) 2.6(1) 2@) 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) —130 2.15

main crystallographic directions up to 9.5 T. The ordered V. NEUTRON RESULTS

ferromagnetic components of magnetic moments are
strongly reduced if compared {@.¢;, and slightly decrease

with increasingx. The hysteresis loops become broader with Measurements on this sample have been performed in
increasing Se content. zero magnetic field. In Fig. 5 we reproduce the evolution of

Forx=0.15 andH=5 T we find a plateau in the hyster- tN€_magnetic intensities given in Ref. 18. Above
esis loop, which could indicate the presence of an interme-_ 175 K only nuclear reflect|ons'allow¢(':i by the fcc symme-
diate phase. In addition, for<0.15, the easy axis changes try are prese_nt. Belovﬂ_’N ex”‘?‘. Intensities develop.at the
with decreasingr from (111 to (110), indicating a transi- family of equwalent Latuce positiofk 2 0} correspondmg to
tion to a different magnetic structure. For0.05 and 0.10 a & Propagation vectck~[0.14(2) 0 g that decreases asis
deviation from normal ferromagnetic behavior is observedowere‘,j' The same integrated intensities are obtained in the
already below 150 K and fax=0.15 a transition is clearly three d|rect|on$k,2,_0], [Z,K,O], and[2,0,k_], as expected for
observed around 75 Ksee Fig. 4. This transition does not an fcc structurg W'th equ_walerﬁ dqmam vqlumes. Th? ab-
depend critically on applied field. The strong reduction of theS€Nce of intensity in the first Brillouin zone indicates that
net magnetization together with the variation of easy axids parallel tok, wherem is the Fourier component propagat-
clearly indicate a complex ferrimagnetic ordering. At ing along the wave vectdk. The measured intensity is re-
=0.20 a different behavior is found fét=0.5 T. There is
no trace of the transition to the complex mixed structure. Them(zugl\_lp)

A. x=0.05

sample has a first-order transition to a FM phase, with easy | .mooow® ,,,_‘. x=0) 10_
(111) direction, at about 150 K. B H—Z.T |
1.0r _
s e
0.5 g Ziel @
1.4 o.o 1 1 L
1. X=O_05 1 m(u/Np)
— 2.0 T =
2 15k x=0.15|
o H=2T
08 H=05T o ¥ ZFC
-% H//<100> 0.5f
% O‘OJ It L L
c 0 50 100 150 200 250
§’0.4— 1 T(K)
FIG. 4. Magnetization measurements on two samplgs (
=0.10,0.15) show the deviation from normal FM behavior(dh
(field cooled, F¢ at T=150 K the easy axes changes fr¢inl 1)
0% 140 160 150 200 220 B0 to (11 0). The moment belowr=100 K stays almost constant. In

T(K) (b) (zero field cooled, ZFyzthe initial absence of a signal in the
low-temperature low-fieldfi=2 T) experiment is due to domain
FIG. 3. Magnetization measurements in low field jor0.05  effects. ByT=50 K a single domain is produced, the magnetization
clearly display the existence of two magnetic phases with a firstis independent of temperature, and the easy axid it 0). This
order transition between the two. changes abruptly &t="75 K, where the easy axis becon{dsl 1).
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25 . ‘ . 6
x=0.05 T.=131K x =0.10
T= 147K
7 c 1 ' A
S T = 175K Mixed | FM
o Ferromagnetic [111] 4t i
S 150 ‘
=z i
g 8[2k,0] ) m//<221> |m//<111>
E o [011] 4x 2.0k 1 = f
Ty  VIk02] ol !
(o)} \& 1
S5 TPel [101]4x vy !
B8 —u i
A 4 ®Inc. \V ‘
[110] 4x X e H//<170> t ¢ L
ot ; ‘ ] 2 B »
0 50 100 150 200 Ot . o
T(K) 0 100 200

T(X)
FIG. 5. Magnetic intensity measured by neutron diffraction on )
NpAs,_,Se, (taken from Ref. 18 AF and incommensurate com-  FIG. 7. Phase diagram for=0.10. Up to 4.8 T an AF compo-

ponents are multiplied by 4. The arrows mark the temperatures df€nt(triangles is still present, whereas the incommensurate phase
transition. closes at about 1.2 Tsmall circles. In an external field the Curie

temperaturel ¢ is not well defined because of the high Np suscep-

lated to an amplitude modulated collinear sinusoidal wavdibility that masks the real transition from PM to Fdashed lines
with K and rﬁﬁ parallel to the cubic axes. AT=148 K the At higherT circles mark the starting point of magnetic intensity on

litude of the Eouri tisl 7 o f [11 1] reflection and at the loweF the point at one-half of the
amplitude of the Fourier component#sL. /ug. ©n a Iur- height of the extra intensity. The maximum applied field of 4.8 T
ther decrease off the magn_etlc Qrder_ changes. Al sets a lower limit to the anisotropy energy.
=147 K the incommensurate intensity disappears and an ex-

tra magnetic contribution appears on the nuclear reflections. . . .
This signifies a first-order transition to FM. Due to the FM shows the existence of an incommensurate collinear phase

domains the moment direction cannot be determined by neyVith propagation vectof0 0k) wherek decreases linearly
tron diffraction but the magnetization data show that the easyith T from k=0.17 at~175 K tok=0.14 at~162 K. At
direction is (111). Decreasing T further, at T, ~164 K a first-order transition occurs to a FM phase (
=131 K (m=mixed) a magnetic contribution develops at =0) and magnetic moments are, as measured by magnetiza-
(01 1) and equivalent lattice positions, corresponding to théion, along the(111) direction reaching=2ug at T

AF wave vectok=(1 0 0). The AF component is of type I. — +20 K. This phase is not stable at low Around T,

The three magnetic domains are not completely equivalent 120 K'a new peak dgvelops at (1.10) and equ.ivalent lattice
. b - ' ) . positions, corresponding to an antiferromagnetic component
suggesting a K rather than 8 configuration, although this

needs to be verified by applying a magnetic field. (k=1) of ty.pe l as in thec=0.05 sample.. . —

The application of an external magnetic field aldAg.0]
allows us to determine the type of magnetic ordering. The
external perturbation lifts the degeneracy between the three

For this sample the evolution of magnetic intensitieS'vs  directions[0 0 1], [1 0 0], and[0 1 0]. In the case of al
n zerotﬂel.dtls shtovyn Itrklu F'lg'tt(_i' AEN:%[?SaKlee r;]eashgr(ral @ ordering only the domain witk (andmgL H) will survive,
magnetic intensity in the lattice directiq 1 whic for a 3K structure no change is expected in the AF intensity,
; ; . whereas for a R a more complex redistribution of intensity
x=0.10 is expected. In our case, wilﬁ//[l 10], only the peak at
(110) position survives and its intensity is about three
times the zero-field intensity.

The phase diagramd-T for this sample is reported in Fig.
7. The incommensurate phase closes at about 1.2 T. The shift
of FM phase to higheil is an effect of the high Np ion
susceptibility. Up to 4.8 T the AF component does not

B. x=0.10

90

Te=164K

Ferromagnetic [111]

(=23
o
T

T,=175K

Magnetic Intensity (arb.units)

3o} Typel change, and this is consistent with hysteresis loop that up to
[110] 4x 1 10 T does not show any variation.
A\A‘—H—% C. x=0.15
oF . . . 4
0 50 100 150 200 At this concentration all the phases found at loweare

T present. The main difference is thig and T now approach

FIG. 6. Magnetic intensities measured by neutron diffraction.each other and there is little of the incommensurate phase.
AF and incommensurate components are multiplied by 4. The arThe AF component develops di,=80 K and, as in the
rows mark the temperatures of transition. other samples, this mixed phase is stable down toTown
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200

i
N
o

x =0.15

—_
N
o

H=0.5T//[110] 160

—_

o

o
T

m//<111>
120

[o.]
o

T(K)

80

N
o

Magnetic Intensities (arb. units)

n
o
T

40

o

0 50 100 150 200
T(K) 0

FIG. 8. Magnetic integrated intensities Vaneasured on (111) x(Se)

peak(triangles and (_111) peak(circles. Sample is field cooIEd in FIG. 9. Magnetic phase of NpAs,Se, at zero field. Shaded

a 0.5-T field. Data at low temperature in zero field for peak L1 regions are not yet explored. Magnetic behavior of pure Npas (
are reported as squares. The effect of moment rotation due to the gy a5 well as pure NpSext 1) are reportedx=0.05 is enough

AF components is evident. Reported numbers are coefficients thag destroy completely the magnetic ordering found in pure NpAs.
originate from geometrical dependence of magnetic interactiong/arious transitions are expected in the region<0x3<0.05. The
(see text dashed lines indicate possible evolutions of the magnetic phases,

aspect that is very clear in this experiment is the rotation oP"€Senting a multiphase point. The moment direction in NpSe is

the FM component of the magnetic moment. In fact the presynkno""”'

ence of AF orde_ring along the direc;idni)Ol]Lﬁ in the . V1. DISCUSSION
mixed phase obliges the ferromagnetic component to be in
the[110] direction. So the mixed phase occurring implies the The phase diagram of NpAs,Se, is reported in Fig. 9
FM moment rotation. This effect is easily verified by moni- and shows the evolution of the magnetic properties in zero
toring two nuclear reflectiongFig. 8). The measured mag- field and increasing Se content. With increasintpe range
netic intensities arecmZ,,(sin’ «) wherem is the magnetic  of the incommensurate phase rapidly decreases, the mixed
moment,( ) is the average oven and « the angle between Phase tends to lower,,, whereasT¢(x) increases slightly
fm and the diffraction vectof). and then stays almost constant. The fjeta|I§ of the transition
In zero field the intensities of the eight degenerate reflecPetweenx=0 andx=0.05 are not yet investigated; a study
tions {111} are equivalent, because moments in the crystan .thIS region could reveal the existence of a multiphase
are equally distributed along these axes. As a consequen@@'_:]:]-e mannetic moments arranaement at [bare similar
. _ . T T gneti S arrang simi
<Sm2a>_2/3' Applying a field H||[110] I|ftsa th% degen- for all low Se concentrations, and are shown in Fig. 10. The
eracy. For 8&cT<170 K (purely FM samplgm=mg,, and

moments artfqually distributed along only two directions: PY
[111] and[111], which are closest tbi. If we consider the v 9
in-plane scattering (111) reflectidsir? a)=24/27, whereas — /
the (1?1) reflection that is=30° out of the scattering plane /. e
gives (sir? @)=12/27. For 5<T<80 K (mixed phasg m? /’
=mZ,,+ M2, and on the nuclear reflections we measure A — |
only the FM component that is directed alorig 10], M":n’:v’:u':v'::':,‘:.':.".":":":":r':v','r':"::‘:n':."l".",-""f""f"v’fv'iv’fv':x','.",",".""'
whereas the total moment is directed along an axis between AT """n‘,“',."@?,‘?./
[110] and[111]. This gives for (111) reflection in applied p il
field a(sir? @)=1, whereas for (11) (sir’ «)=1/3. In order g y
to compare directly with high-temperature FM phase we y‘ 4)
have to consider thaihgy,=ms- 8/9 and this causes a further / /
reduction of the measured intensities. / A

D. x=0.20 /

A neutron experiment on the=0.20 showed that it is FIG. 10. Magnetic moment arrangement at loW in
FM at Tc~150 K with probably a first-order phase transi- Npas  Se with 0.05<x=<0.15. In the domain shown the FM
tion to paramagnetism. No evidence for any AF componentomponent is alonfl10] and the AF component alof§01]. The
was found atH=0. anglew is =18°.
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in the doping of X by tetravalent Th shows that the effect is
mainly related to the conduction-electron concentration.
However, it remains to extend the present studies to higher
, = as, unlike the case of dopingXUwith UY in which UY is
10%Se o | I ferromagnetic, in this case Npis antiferromagnetic It is
: ‘ s ’ clear that our experiments have not addressed this important
question.

(iif) An unusual intermediate state is found between the
tendency to have the Fourier components of the magnetiza-
tion along(0 0 1) in the AF state and111) 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 Np/Sg,
we find an intermediate state in the region Gs05<0.15 in
which the moments actually rotate as a function of tempera-
ture. This is shown most clearly in the magnetization curves
of Fig. 4 in which(1 1 0) becomes the easy axis. This situ-

k TK) ation is observed directly in the neutron experiments in
which the FM component rotates &f, from the (111) to
(110), and, simultaneously, an AF component develops
along the(0 0 1) axis perpendicular to the FM component

) o ) (see Fig. 8 The resulting magnetic structure is shown in
magnetic moments lie in the plane defined {y1 1) anci Fig. 10. The final components of the moments are almost
(110) and the angle witt(1 1 0) direction is about 18°. 5100 a(221) direction, so that the total moment also slightly
Previously, the only system ?t“d'ed in such a transuraniuyates Since the strong spin-orbit coupling in actinides fa-
solid solution was NpSb-NpTeThere are some similar fea- ;¢ magnetic moments along the high symmetry
tures, but also some differences between the NpSEe,  girectiong? this situation is rather unusual, and suggests that
and NpAg Sg systems. In both cases ferromagnetism apy pajance between the single-ion anisotropy and the mag-
pears at relatively lowx, 0.10 in the NpSb-NpTe, and et exchange determines the magnetic structures. However,
=0.20 in the NpAs-NpSe compounds. The most notablgjegpite this compromise leading to a rather unusual easy
similarity is that thetwo component magnet_|c str.u.ctu(rmth axis, the anisotropy in the system far exceeds any normal
both an AF and a FM compongnwas first identified in the  |aporatory magnetic field, as shown by the experiment we
NpSh . Te, with x=0.05. A magnetic field was not applied naye performed at 5 T. The latter is not sufficient to change
to the sample in the neutron experiments reported, so that thfe direction of the magnetization. Anisotropies of this mag-
information is not as complete as in our present study, buhityde are common in actinide systems, and are thought to
the underlying interactions are clearly similar. On the othery ise from the hybridization between the actinide &nd
hand, the initial ordering temperatuifeom the paramagnetic - gnionp electrons This unusual situation in the lightly doped
statg drops rapidly withx in the NpSb-NpTe system, NpAs compounds gives a further test for theories developed
whereas, as shown in Fig. 9, this is not the case in the systefg ,nderstand these anisotropies.

reported here. (iv) We note that in these pseudobinary Np solid solutions

Our experiments have opened a number of new perspegne |attice parametefTable 1) does not follow the Vegard
tives on the study of solid solutions of transuranium com-jay vs x. In all the diluted samples the lattice parameter
pounds. The principal observations are as follows: measured by x-ray diffractiéh at room temperature are big-

(i) The low-temperature type-IK3structure of NpAs is  ger than those of their parent compounds, coming closer to
unstable. With a small change of the conduction-electronhe lattice parameter of the PuAs, which is a ferromagnet.
concentration, i.ex=0.05, it disappears and thé& behav- Our experiments have completed the preliminary studies
ior that is found at high temperature even in NpAs returns ageported® for x=0.05 and revealed a rich behavior in the
the “stable magnetic phase.” Thekanagnetic structure in Small doping limit of NpAs. However, still remaining is to
USh has been treated theoretically receffiyt would be ~ explore the region of the phase diagram nearl, when
interesting to extend these calculations to NpAs and considétother transition from FM to AF, but this time of type I,
the effects of a changing conduction-electron concentratiofust occur.
on its 3k ground state. With the resolution of D15 we are
unable to determine the lattice symmetry of the0.05
sample. X-ray experiments are planned on this sample at low A. Bombardi acknowledges the European Commission
temperature. for support given in the frame of the program “Training and

(if) A tendency to develop ferromagnetism with increas-Mobility of the Researchers.” The high-purity Np metal re-
ing x is found, and byx=0.20 the sample is ferromagnetic. quired for the fabrication of the compounds studied here was
A signature of this tendency is present also in the incommenmade available through a loan agreement between Lawrence
surate phaséFig. 11). The center of the incommensurate Livermore National Laboratory and Institute for Transura-
peaks shifts with increasing and decreasing toward the nium Elements, in the frame of a collaboration involving
FM wave vector. This is similar to that found in the analo- LLNL, Los Alamos National Laboratory, and the U.S. De-
gous WX-UY solid solution?® The fact that it is also fourfd ~ partment of Energy.

15%Se

5%Se

160

FIG. 11. Variation of the position of the center of the incom-
mensurate contribution vs theand the Se concentration.
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