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We report on a study of the magnetic structure and phase transitions of thg |$&s solid solutions
employing x-ray and neutron scattering. We have focused this study on compositiorsxe: 032, in which
magnetic structures having douliteand triplek configurations are found with increasimgIn general, our
findings are in excellent agreement with those reported by Kuzeieg. using solely neutron diffraction.
However, our x-ray studies have added several important details @hdbe incommensurate transitions near
Tn, (2) the nature of the R-3k phase boundary, an@) the discovery of a new magnetic phase.
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[. INTRODUCTION band structure of UAs has been studied by optical
spectroscopy.The 5f level lies between the outerdéand

The uranium monopnictides and monochalcogenides witlinner 4p levels, and mixes with thedsand 7% levels and the
the fcc rock-salt structurghe “UX” compounds, whereXis  4p level of the anion.
a pnictide or a chalcogeniyielisplay a fascinating range of Doping UAs with Se increases the number of electrons in
magnetic properties and structufe$he uranium pnictides the conduction band and hence alters the environment of the
(X=N,P, ...,Bi) have antiferromagnetic structures in the magnetic 5 level. Electron hqle transitions may -take place
singlek, doublek, and triplek (1k,2k,3k) classegsee Fig. Petween the g and &l level via an exchange with thef5
1); on traversing the pnictide series with increasing U-U dis-€Vel- UAs and USe both have the NaCl-type crystal struc-
tance, the ordered magnetic momenand Nesl temperature ture with similar lattice parametera{5.78 A), and hence
increase(from 0.75ug for UN with Ty=50 K to 2.8ug for
USb with Ty=215 K). All the uranium chalcogenides are
ferromagnets with 41 1 1) easy axis. Once again, the mag-
netic properties mirror the increasing U-U distance. US has
an ordered moment of lug and a Curie point of 180 K,
whereas the corresponding parameters for UTe areu.25
and 104 K, respectivelyThe scientific interest in these ma-
terials is much enhanced since detailed experiments may be
performed on single crystals of the parent compounds as well
as solid solutions. For example, antiferromagentic USb and FIG. 1. The multik structures associated with the actinide rock-
ferromagnetic UTe form a continuous series of solid solu-salt structure compounds in the type-IA phase. Tkestructure is
tions, and the magnetism of the UShTe, series has been composed of layers of ferromagnetic sheets, which are antiferro-
studied in detait. magnetically coupled, and for the type-IA+(+ ——) phase the

This paper deals with a systematic study of YASSe, magnetic moments are directed along the propagation végtor
single-crystals employing resonant x-ray magnetic scattering [0 0 z]. The  structure is formed by the superposition of two
(RXMS) and neutron diffraction. The two end member an-orthogonal propagation vectors, for examplg=[% 0 0] and
ions, arsenic and selenium, are neighbors in the Periodig,=[0 0], with the moments in thé0 0 1) plane. The & struc-
Table. The arsenic free atom configuratior{As] 3d® 4s*  ture is made of three orthogonal propagation vedtgrk,, ks and
4p*; selenium has one additional electron in the Kvel.  the moments are oriented along el 1) directions.(Taken from
The atomic configuration of uranium isf% 6d! 7s. The  Ref. 1)

Single K Double K

TypelA(K=<00125)
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FIG. 2. The magnetic phase diagrgtamperature versus com-

position of the UAs _,Seg, series of solid solutions as determined
by the neutron-diffraction measurements of Kuznital. (Ref. 3.
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0.35<x<0.45 complex antiferromagnetic structures exist
and forx>0.45 ferromagnetism is found. Our study is con-
fined to the region 0.10x<<0.25 in which some of the in-
teresting phase transitions, particularly those between differ-
ent multik configurations, take place.

II. EXPERIMENT

The crystals were grown at the Laboratorium fur Fest-
korperphysik, Eidgerssische Technische Hochschule Zur-
ich. The average size of the samples wa8x3x2 mnt.

The full width at half maximum(FWHM) of the rocking
curve of the charg€0 0 2 reflection measured at 3.73 keV
was about 0.05°. The first set that we examinee(8<1)
came from the same batch of crystals for which the neutron
studies were madeA newer batch of crystals of similar
composition «=0.18 and 0.2D was also studied. The
RXMS experiments were carried out at the ID20 beam line
of the European Synchrotron Radiation FacilitgSRHB,
Grenoble, France, and the X22C beam line at the National
Synchrotron Light Source, BNL, USA. For magnetic mea-
surements the x-ray energy was tuned to the uraniim
absorption edgé3.73 ke\j. Detailed measurements of the
crystal lattice were carried out using the XMaS beam line at
the ESRF with a photon energy of 8 keV and a(Gé 1)
analyzer in the scattered beam to improve the resolution.
Neutron-diffraction measurements were performed with the
D10 four-circle diffractometer at the Institut Laue Langevin,
Grenoble, France. Neutrons with a wavelength of 2.36 A
were selected using a pyrolytic graphi{@ 0 2 monochro-
mator. The\/2 contamination was suppressed with a graph-
ite filter.

The multik structures of the phases were deduced from measure-

ments with finite magnetic fields parallel to tie1 0] direction. IC

represents an incommensurate phase. The shaded area is the regio

of the 2k-3k phase boundary suggested by Ref. 3.

a continuous series of solid solutions is obtained on mixin
the two. The end members of the series display contrastin

magnetic properties; UAs is a type-kX=(0 0 1)) antifer-
romagnet between 127 KT() and 64 K (T,c). At 64 K
there is a second phase transition to a type-kKAs2ructure
(n=2.2ug). The net magnetic moments are aligned alon
(1 1 0 directions and the magnetic modulation wave vect
is (0 0 3). USe transforms & -=160 K to a(1 1 1) easy-
axis ferromagnet withu=2.0ug. Neutron-diffraction mea-
surements of UAs ,Se,, by Kuznietzet al.® have shown a
rich series of magnetic structures fR0.35 with incom-

IIl. MAGNETIC PHASES NEAR Ty

“rhe solid solutions forx<0.10 have been studied by
Kuznietzet al® and we have not reexamined these samples.
Our primary interest is in the region where thk 2hanges

Ynto the X structure as a function of We show in Fig. 3

Heciprocal space scans alom§ around (0 0 2-k) as a
function of temperature for the=0.10 sample. In agreement
with Ref. 3, Ty is of order 122 K, and we confirm that there
is a coexistence of the incommensurdte-0.5) and type-IA

g(k=1/2) phases, suggesting a discontinuous phase transition
Ohetween these two, as also suggested in Ref. 3. In this

sample the value ob,,. (defined as the incommensurate
wave vector offset alry; ki,.=1/2+ &;,c) has a value of
0.047. The excellent wave vector resolution of the x-ray
technique is especially useful when there are coexisting

mensurate phases negyg, and commensurate phases with modulations, as in the case of Fig. 3. For #w0.15 sample,

2k and X structures at lower temperatufgee Fig. 2. The
incommensurate modulation wave vectd O k] varies

a rather similar situation occurs except that the valué,qf
in this sample is 0.025 &ty . For thex=0.18 sample, scans

with concentration and temperature. Commensurate phasesongc* are shown in Fig. 4. Her&, is somewhat reduced

exist at low temperature with mulki-configurations which

(to ~120 K), but the more interesting aspect is that there is

depend upon the selenium concentration. At low temperaturgo sign of an incommensurate phase, i&,.=0. This fea-

the 2 type-IA (++ ——) structure occurs and is the only
commensurate phase for<0.15. At higher temperatures an
incommensurate phase exists. For 6:20<0.35 the low-
temperature stable phase was proposed to hakeca®figu-

ration, again with the wave vectok=(003). For

ture is not apparent from the Kuzniett al® phase diagram
(see Fig. 2 but is implicit in their Fig. 10, which showk as

a function ofx. The situation for concentrations close to, but
abovex=0.18, is shown in Fig. 5 fox=0.20. Here we note
that 8;,.= —0.025 atTy=125 K. These results agree well
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FIG. 3. RXMS reciprocal space scans alafigfor UAS, 455 10 FIG. 4. RXMS reciprocal space scans alaigfor UAS, g,5) 15

at decreasing temperatures through the incommensuratél decreasing temperatures. No incommensurate phase was ob-
commensurate phase transition. Data at successive temperatuf@Vved. Data at successive temperatures have been shifted by an
have been shifted by an order of magnitude for presentatiofrder of magnitude for presentatign22C).

(X22C). Note the logarithmic intensity scale.

ergy of 3.73 keV, the WM, edgé is of the order of 1000 A,

with those obtained by neutron diffraction, but we establishin contrast to neutron scattering, which is a bulk probe and
more clearly the lack of an incommensurate phase inxthe thys averages over many domains. Of course, the x-ray

=0.18 sample. method depends on the domain size, so if no effect is seen it
does not necessarily imply that the structure ks Such an
IV. COMMENSURATE PHASES effect is shown in Fig. 6 for thge=0.20 crystal. FronTy to

60 K the variation of the intensities from potentially different

domains are the same, whereas they are very different below
In standard diffraction experiments, an assembly kf 1 60 K.

magnetic domains cannot be distinguished from a nkulti-  The intensity differences below 60 K may be understood

structuret It is possible, however, to make the distinction by qualitatively by assuming a transition from ak 3(T

applying a symmetry breaking magnetic/electrical/stress>60 K) to a X state T<60 K). In the X structure(see

field, which would favor a particular domain. Rossat-MignodFig. 1), there are domains corresponding to the magnetic

et al? showed that uniaxial stress may lead to the change afloment components along different directions. In tHe 2

the domain population from their study of UN, UAs, and structure, the domains contributing to the intensity at

USb. For example, i€/a<1 and a uniaxial stress is applied (0 0 2.5 have resultant components alditgl 1] and[1 0 1],

in the [0 O 1] direction, then the domains witk=[0 0 1] and we specify the population of these domainp@sz) and

will be favored as the stress will reduce the length in ¢he p(x2). In all there are 12 domains corresponding to moments

direction at the expense of the other two directions. It is als@long all equivalentl 1 0 directions, but we may restrict

possible to detect a change in the domain population whethese to three domains with populatiopéy), p(yz), and

the x-ray probe does not average over a large number gi(zx) without loss of generality. If each of these populations

domains. This is the situation for RXMSyhere the penetra- is 1/3, then the measured intensities will be equal, apart from

tion depth for uranium compoundsmploying an x-ray en- geometrical factors. Ip(xy) increases from 0.33 to 0.6 and

A. Domain effects
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We have studied the temperature dependence of the
T (0 0 6 charge reflection for the=0.18, 0.20, 0.22, and 0.25
compositions of the UAs ,Se  series. An example of the
10 . . . ' . ' . reciprocal space scans is given for the0.18 crystal in Fig.
2.42 2.46 2.50 2.54 2.58 7(a). In the paramagnetic phase, the crystal has cubic sym-

(0 0 L) (rlu) metry and there is a single charge peak. The same is true
) betweenTy (~125 K) andT*~60 K. The latter is defined
FIG. 5. RXMS reciprocal space scans alaigfor UAsos0S&20  as the lowest temperature for which the lattice appears cubic.
at decreasing temperatures through the incommensuratgsgiq,, T+ the single lattice Bragg reflection develops into
Commensurat_e phase transition. Datg at successive temperatu&wo peakS Spllt along thE direCtion about théO 0 6) pOSi'
Ez\rleclt;?i?ns::ﬁi%r?wﬁi? ?r:gesrc(;fnr:aagrg'ts“h%ev;r?r presentdli?0). o [see Fig. )]. This double peaked reflection results
y ony ' from the two different lattice parameteagandb) andc. In

p(y2) =p(zx) both decrease from 0.33 to 0.2, then the cor-the analysis, the two lattice peaks about tbed 6 position
responding reflections (0 042k) and (k 0 2) would have have each been modeled by Lorentzian functions. The fit to

relative intensities of approximately 0.4 and 0.8, respec:[he low temperature_r_eflections gives a distortion _of 0.0014
tively, which gives the factor of 2 difference in intensity, 1lu at the(0 0 6) position for UAs g;Se 15, Which gives a

shown in Fig. 6. This suggests that for0.20 the magnetic value for €—a)/c of ~2.3x 10*4. The temperature depen-
structure is not B below 60 K, but possibly &. dencies of the lattice distortion for three values of the sele-

nium compositiorx are shown in Fig. 8. Thg=0.25 crystal
does not distort at low temperature. Details of the tetragonal
distortions are given in Table I.

Actinide Compounds with the rock-salt structure typ|Ca”y In |Owering the Symmetry from cubic to tetragor(ais
display magnetostriction effects that are the result of the coushown in Fig. 8 there is a change in the cell volume, which
pllng of the orbital moments with the Cl’ystal lattice. may be characterized a%a/a. The valueda/a was deter-
McWhan et al. studied a UAs single crystal and observedmined from the difference between the lattice parameter in

several magnetostrictive effeCtsA change ofda/a=1.5  the cubic phase and the average lattice parameter in the te-
X 10" * was observed in the lattice parameter as the magnetigagonal phase; the results are shown in Table I.

structure changes from type-kito type-lIA 2k. This is in
agreement with a previous measurerfi@ftthe volume ex-
pansion that gave a value 6f/3) 6V/V=1.3x10 %, A te-
tragonal distortion ot/a=1.0002 about th€0 0 6) position As can be seen from Fig. 1, the magnetic structures of
corresponding tod—a)/c=2.0x 10 * was also found. Fi- these materials consist of Fourier components propagating
nally, a X charge modulation was observed from thealong the cubig0 O 1) directions with the moment directions

type-lA structure that corresponds to an internal displaceperpendicular to the propagation direction. This gives rise to
ment of the atomic positions afx=0.002 A. planes in which the Fourier components of the moment are

B. External tetragonal distortions and volume effects

C. Internal distortions
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FIG. 7. () Reciprocal space scans for UAsSe, ;g about the 5.999 1 1
(0 0 6 lattice reflection at decreasing temperatutbsContour plot
around the(0 0 6) lattice position at 12 KXMa$).
5.998 1
perpendicular to the plane. An interesting magnetostrictive ' s )
effect is due to a small difference in the separation between 0 30 60 90 120
the + + moment planes and those oppositely directed . Temperature (K)

Unlike the external tetragonal distortion discussed above,

this effect is independent of the mukinature of the mag- the (0 0 6 lattice point at decreasing temperatures for YAS,

netic structure, and may exist in all configurations belgy o

The difference in separation between the planes induces Vé'th x=0.18, 9'20‘ and 0222' At temperatures down to qbout 60K
. . - . e . the crystal lattice has cubic symmetry, whereas below this tempera-

distortion internal to the unit cell with a periodicity of twice

th i tor. K=1/2. thi d h ture the lattice is tetragonal. The open and closed symbols corre-
€ magnetic wave vector. K= Lz, this produces a charge spond to thea (and b) and c lattice parameters, respectively

as).

FIG. 8. Results from the analysis of reciprocal space scans about

TABLE I. T* is the temperature range over which the Iattice(
peak begins to broaden and the lattice distortion at low temperature
(12 K) is given as (:—a)/c_ The volume Changéa/a upon low- reflection at forbidden lattice pOSitionS, e.g),O 3) An ex-
ering the temperature from the cubic to the tetragonal phase i@mple, for thex=0.18 sample, is shown in Fig. 9. Similar

given. The errors ind—a)/c and sa/a are to within 20%. peaks were observed in all samples in the ordered phase.

Unlike the lattice reflection, a double peaknist observed at
™ (c—a)lc cala the (0 0 3 position because the magnetic propagation of the

X (K) (107%) (1079 2k structure isonly along thea andb directions. The posi-

0.0 62 20 15 tion of the lattice modulation corresponds to the position of

0.18 60 23 3.9 the larger scattering vector of the lattice reflection for all of

0.20 49-54 1.9 16.7 the UAs _,Seg crystals s_tuo_lled, which g|vers_/a>1_|r_1 the

0.22 55-63 17 0.07 tetragonal phase. This is in agreem_ent with unixial stress
measurementsand the x-ray scattering measurements of

®Reference 5. McWhanet al® on UAs.
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The charge diffraction peak & 0 3 results from atomic displace- 235 2425 25 2575 265  -0.65 ~0575 05 0425 0.3
ments internal to the unit cefXMas). (0 0 L) (ru) (1 1 L) (rlu)

The amplitude of charge scattering from the lattice modu- FIG. 10. (&) RXMS reciprocal space scans for UygSe 5 at
lation is proportional to the internal displacement of the ura-decreasing temperatures in the commensurate phias&leutron
nium atomswithin the unit cell. For UAs the displacemént Scattering reciprocal space scans for GaSe o at decreasing
is Sx=0.002 A.We have attempted to calibrate the internaff€mperatures in the commensurate phase. Both techniques demon-
distortion amplitudesx in our samples by comparing the strate that an extra diffraction peak develops gt-k.44 which
intensity of the(0 0 3 to the very strong chargéd 0 4) varies in intensity, width, and position on lowering the temperature.

Within the considerable errors bars associated with this nor- ) )
malization, we find a value similar to théx=0.002 A re- Laue Langevin on thesame x=0.2 sample as used in the
ported for UAs. x-ray experiments. The results are shown in FighL0They

confirm that both reflections originate from the bulk of the
sample, and the maximum intensity of the extra modulation
V. NEW MAGNETIC PHASE is ~1% of the maink=1/2 peak in both x-ray and neutron

studies. An additional method of determining the spatial lo-

Using RXMS at the uraniunM, edge, we have discov- cation of the magnetic modulation giving rise to a new dif-
ered a feature of the UAs,/USg phase diagram. An extra . nag L giving .
fraction peak is to examine its dependence on incident pho-

diffraction peak coexists with the main commensurate satel: : :
. . . ton energy with the RXMS techniqie.The resonant
lites at low temperaturesT(<60 K). This feature, which has :

. enhancement&t the UM, absorption edgeof the commen-
been observed in x-ray measurements for each ofxthe

i ; - surate peakl=0.5) and of the “extra” peakK,,~0.44) are
=0.18, 0.20, and 0.22 crystals, is shown in Fig(a)@or the compared in Fig. 11. The scattering intensity for the two

)é:tgézi?]ssrr:r?wl:ﬁgﬁatpee tg;?(p;?\tgrse;\i;w\f’g;dt:lzecggqsrﬁ'g%eaks has been normalized and shows clearly that the mag-
X y etic signal from both peaks is enhanced, and at the same

surate position and in.creases in intensity to become approxgnergy_ The extra peak is therefore considered as a magnetic
mately 1% of the main commensurate peak at low temper"j}hodulation of the main commensurate + — — structure
ture. To confirm these results, a second0.20 sample was '

grown, and identical results were obtained.
The incommensurate peak was also observed at of
specular positions, i.e. k(0 2). The wave vectors of the

3 TABLE Il. The range of temperatures and wave vectors that
characterize the low temperature incommensurate magnetic modu-

new satellites in th&=0.18 and 0.22 samples are similar to lation.

those found in thex=0.20 sample, but do not exist down to T K
low temperature. Table Il gives the temperatures and come (K“’; (rlu)
positions that form the boundary of this new phase.

At first sight, it is not clear if this extra diffraction peak 0.18 35-55 0.44-0.47
originates from the charge or magnetization, surface or bullp.2 12-58 0.44-0.47
of the sample. To determine whether the extra peak reallp.2 (new 12-58 0.44-0.47
comes from the bulk of the sample, we have performed neug 22 40-55 ~0.45

tron experiments on the D10 diffractometer at the Institut

134401-6



U(As;_,Se) SOLID SOLUTIONS. |. RESONAN ... PHYSICAL REVIEW B 63 134401

140
1.2 1
Paramagnstic
1.0+ UAs 4,58, 50 a0 (0 0 2+k) 120 )
o o k=0.50
. “ - \
5 ° o o k=0.44
Z08- 0 % : N
g O. .% 100 \
5 o ® 2k (Cubic) \
= 0.6+ °
~— le) .?) Q \
5 S Ml R
304 o® 0} - 5
£ S, ® 2]
S ¢ 2 \“ 3k (Cub
fe .
R 4 N s
O. .'..
(] ()
Iy .
0 it : —— Y 40 2k (Telragonal) .
3.7 3.71 3.72 3.73 3.74 3.75
Energy (keV)
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bols) diffraction peaks for UAgg:S&) 50 at 12 K. These data have 1=x"x
been normalized at the peak positid®20). 0

0 0.05 010 0.5 020 025 0.30 0.35

The slightly different energy widths may be related to the Selenium concentration (x)

absence of a completely long-range ordered peakk at 3 . .

~0.44, since its width in momentum space is considerably FIG. 12. The modified magnetic phase diagraemperature

greater than that of the main modulation. versus compositionof the UAs _,Se, series of solid solutions in

zero applied magnetic field determined by the present RXMS

(closed circlesand neutron diffraction measuremeftpen circleg

of Kuznietzet al. (Ref. 3. The multik structures of the different
We have reported in this paper a series of RXMS meaPhases were deduced from neutron measurements with finite mag-

surements ox=0.10, 0.18, 0.20, 0.22, and 0.25 samples Ofnetic fields (Ref. 3, and from x-ray charge scatterin@ppen

the UA Se, soli.d S,Oletiohs.ln, e.ner,al our i‘indin s are in squares to deduce the lattice symmetry, as discussed in the text.

excelle?llt_;greement with thbsegreporte’d by Kuzngmtal The phase discovered in this work is shown as a cross-hatched
) . . L ) region.

using neutron diffractiod. This is expected as many of our g

SH?)TvFéI\?eSr atrhee t?asir:;iggisavaesal@i% iﬂet?oe"gviiuntroirr]nSg:_%}{fferent temperature dependencies may be observed for
tant detai'Is y g imp nominally equivalent reflections. Such differences may arise

from probing different domains, even though they average
over the total volume. A good example of these effects was
shown in the studyof NpAs and is shown for th&=0.20
As summarized in Fig. 6 there is a distinct changecat Sample in our study in Fig. 6. The similar temperature de-
=0.18 when the extent of the incommensurability change®endencies fof>60 K suggestsbut does not provethat
from 8,.>0 (for x<0.18) t08,,.<0 (for x>0.18), where the structure is B. The inequivalance fol <60 K proves
the wave vectok=1/2+ 8,,.. All systems forx<0.25 adopt ~ that the structures cannot b& & this temperature range. A
the k=1/2 magnetic structure at low temperature. or |€SS ambiguous way to establish the miltmature is to ex-
—0.18 there is no incommensurate phésee Fig. 4 amine the lattice symmetry. This is demonstrated in Figs. 8
and 9. The samples witk=0.18, 0.20, and 0.22 all show a
tetragonal distortion aT* ~60 K. Below this temperature
they cannot be B (which has cubic symmetfyand since
The boundary between thek2and the & magnetic this temperature T*) is close to that at which pure UAs
phases can be determined by applying a magnetic field in @ansforms into the type-IAkK=1/2) phase, we propose a
neutron diffraction experiment. This is more difficult in x-ray line across the new phase diagréfig. 12) separating the
experiments where complementary methods involve compatew temperature R phase from the phases at higher tempera-
ing different reflections and searching for lattice distortionsture. The magnitudes of the tetragonal distortions appear in-
as a function of temperature. Since the probing depth oflependent ok, as shown in Table I.
RXMS is only about 1000 A it is possible for théand X Another magnetostrictive effect is related to an internal
structuregboth of which involve domaingsee Fig. 1] that  distortion of the planes so that the distance between the

VI. SUMMARY

A. Incommensurate transitions nearTy

B. Nature of the 2k and 3k phase boundaries
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planes with parallel magnetic moments is different to thatwave vectors. We have verified thét) it is magneticby
where the moments are antiparallel. This effect was premeasuring the intensity dependence as a function of incident
dicted by Coopérand first observed by McWhaet al® in photon energy,(2) that it is found in afreshly made x
UAs. We observe this internal distortion for all our samples;=0.20 sample, an€B) that it exists in théoulk of the sample,
the effect does not depend on the midtirature of the mag- as it can be observed with high-resolution neutron diffraction
netic structure. As shown in Fig. 9, the internal distortion[Fig. 1Qb)]. The part of the phase diagram where this new
appears just belowy and has its greatest magnitude at low “phase” has been observed is shown hatched in Fig. 12. A
temperature, as expected. This modulation, which may bpossible origin for this unusual peak is discussed in Ref. 10.
thought of as a charge-density wave, has a periodicity twice
that of the magnetic modulation.
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