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U„As1ÀxSex… solid solutions. II. New magnetic phase for 0.18ËxË0.22

M. J. Longfield* and W. G. Stirling*
Department of Physics, Oliver Lodge Laboratory, The University of Liverpool, Liverpool, L69 7ZE, United Kingdom

G. H. Lander
European Commission, JRC, Institute for Transuranium Elements, Postfach 2340, 76125 Karlsruhe, Germany

~Received 17 July 2000; published 26 February 2001!

We further characterize the extra diffraction peaks reported for 0.18,x,0.22 in the U(As12xSex) solid
solutions in the previous paper. A model based on the spin slip hypothesis is developed that suggests that a
small volume (;1%) of the crystal can be characterized in the spin-addition state, i.e., the regulark
51/2 ~1122! repeat is interrupted by compensating1 and2 ‘‘faults’’ that are inserted into the magnetic
structure. The spacing between these faults is between 20 and 40 unit cells, depending on the temperature and
composition,x. We suggest that these spin-addition volumes form the interfacial region between the high-
temperature 3k and the low-temperature, 2k magnetic structures, both withk51/2.
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I. INTRODUCTION

In the previous paper,1 hereafter denoted as I, we hav
reported a series of resonant x-ray magnetic scatte
~RXMS! and neutron-diffraction experiments that have ide
tified a new phase in the UAs12xSex solid solutions. This
new phase exists over a narrow composition range 0.18,x
,0.22 ~see Fig. 12 of I! and coincides almost exactly wit
the phase boundary between the double-k ~2k! magnetic
structure found at lowerx and the triple-k ~3k! structure
found at highx ~see Fig. 1 of I for these structures!. The
new phase is characterized by the presence of the typ
(1122 arrangement of ferromagnetic components! k
51/2 magnetic structure, but also by the presence of a m
weaker (;1%), andtemperature dependent, diffraction pe
at km;0.44 ~reciprocal lattice units; rlu!. This weaker peak
is magnetic, as determined by its dependence on photon
ergy at the uraniumM4 edge, and first appears around 60
usually with a maximum at;45 K, and then decreases
intensity as the temperature is lowered. It has also been
served with neutron diffraction to have the same intens
ratio with thek51/2 reflection and is thus a bulk effect. Th
intensity of this extra peak is too small to have been
served in previous studies with polycrystalline samples2,3

and, in the previous work on single crystals,4 was missed
because of its unusual dependence onx and temperature. In
this paper, we describe in more detail the extra features in
diffraction pattern and suggest a possible explanation fo
existence.

II. CHARACTERIZATION OF MODULATION

We present in Fig. 1 the result of a RXMS reciproc
lattice scan alongc* for the x50.20 sample at 12 K. The two
peaks are modeled as Lorentzians. In Figs. 2 and 3 we s
the temperature dependence of~a! the wave vector,~b! the
full width at half maximum, and~c! the intensity of the two
diffraction peaks in thex50.18 andx50.20 samples, re
spectively. We note a strong similarity in the data from bo
samples~as noted in I, two samples ofx50.20 made at dif-
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ferent times gave identical results!. In particular, the wave
vector of the additional diffraction peaks tends to decre
with decreasing temperature, the width tends to decrease
in both samples the maximum of its intensity approaches
of the main (k51/2) modulation. At 45 K,km ;0.45 and the
width is of the order 0.01 rlu for both samples. A distin
difference between the data for the two samples is that
modulation ceases to exist below 40 K for thex50.18
sample. Interestingly, the width broadens as the intensity
creases. In contrast, the data for thex50.20 sample show the
modulation to remain at low temperatures. In fact, the int
sity and width remain constant and the wave vector rema
close tokm50.44.

III. SPIN SLIPS AND SPIN ADDITIONS

We model these extra diffraction peaks by considerat
of the complex diffraction pattern observed for single-crys
holmium.5 In the first x-ray experiments on Ho an unusu
series of periodicities in the magnetic modulation was o

FIG. 1. A reciprocal space scan alongc* for the x50.20 sample
at 12 K. These data about the (0 0 21k) position show the main
commensurate (k50.5), and the extra incommensurate (km

;0.44) magnetic peaks. The solid line is a fit to the data with t
Lorentzian functions.
©2001 The American Physical Society02-1
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served, which was explained by Gibbset al.5 to be a conse-
quence of ‘‘spin slips’’ in the spiral arrangement of momen
in the magnetic structure. The spin slip arises when the re
lar progression of the spiral structure is interrupted by t
consecutive spins along the spiral arrangement, which ha
phase angle different from the normal spiral repeat phas
f. These spin slips are a consequence of the strong b
plane anisotropy in hcp Ho, but the gain in anisotropy ene
obtained by the spin slip comes at the expense of strain
ergy. As a consequence, the spin slips tend to be unifor
spaced. It is this ‘‘extra’’ modulation that gives rise to th
unusual series of magnetic periodicities observed in inco
mensurate Ho at low temperature. The additional strain
ergy in the spin slips also leads to a characteristic lat
distortion~which produces extra charge Bragg peaks!, whose
periodicity is also related to that of the spin slips.5 McMor-
row et al.6 have recently made an analogy between the s
slips in Ho and the unusual paramagnetic planes found in
magnetic structure of CeSb, which has the same cry
structure and planar arrangements of moments as foun
UAs. It is natural to adapt these arguments to try to expl
the extra modulation seen in the present experiment. S
the periodicity in reciprocal space that we observe (km
50.44) is smaller thank51/2, this implies that the rea
space arrangement has a longer periodicity, and it is th
fore natural to propose spinadditions.

FIG. 2. The temperature dependence of~a! the wave vector,k,
~b! FWHM, and~c! the intensity of the two diffraction peaks of th
x50.18 sample from reciprocal lattice scans alongc* around
~0 0 21k!. The intensity of thek51/2 component has been norma
ized to 1 in panel~c!.
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The principal commensurate magnetic structure of inte
has the periodic spin arrangement (11221122). Ad-
ditional spins may be inserted into this structure to form
incommensurate modulation in the commensurate ph
e.g., (11@1#221122@2#); see Fig. 4. The unit cell of
the spin-addition structure is constructed from two differe
types of spin blocks, which describe the structure in the
sence and presence of the additional spin. Following the
tation of Lovesey and Collins,7 the total length of the spin
addition cell, l, is therefore constructed from a number
different blocks of spins,N ~normal! and S ~spin addition!,
each containing a different number of spins,LN and LS ,
respectively, and hence

l 5NLN1SLS . ~1!

~Note in Ref. 7, theS represents a spin slip whereas he
it represents a spin addition.! In our model the normal spin
block,LN , ~11! or (22), advancesthe phase of the modu
lation by p, and the spin addition block,LS , ~1! or (2)
retards the phase byp/2. The normal spin blocks contai
two spins (LN52) and the spin-addition block contains on
spin (LS51), and the length of the primitive cell can b
written l 52N1S. The number of cycles of the modulatio
is then

n5N/22S/4. ~2!

FIG. 3. The temperature dependence of~a! the wave vector,k,
~b! FWHM, and~c! the intensity of the two diffraction peaks of th
x50.20 sample from reciprocal lattice scans alongc* around
~0 0 21k!. The intensity of thek51/2 component has been norma
ized to 1 in panel~c!.
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The wave vector of the additional magnetic modulati
km5pc /pm , where pc52 is the period of the charge an
pm5 l /n is the period of the magnetic modulation,

km52/~ l /n!52n/ l 5~N2S/2!/ l

5~ l /22S/22S/2!l 51/22S/ l . ~3!

To conserve antiferromagnetism,S must be even. The
modulation wave vectorkm;0.44 whenS/ l 52/32, with S
52 andN515. Figure 4 illustrates the case forS52 and
N510 in which l 522 andkm;0.41.

This model presupposes two discrete volumes of the c
tal: V1 and V2, where V5V11V2. In volume V1, which,
judging by the intensity of the extra modulation, makes
99% of the volume of the crystal, the periodicity is regu
k51/2 and is essentially infinitely long-range ordered. T
full-width at half-maximum~FWHM! of the magnetic peaks
~see Figs. 2 and 3! are close to the instrumental resolutio
and that of the charge peaks, so may be taken as represe
infinite order. On the other hand, the small regionV2;0.01
V has a periodicity that can be understood on the basis of
spin addition model. The correlation length (j}2/FWHM) is
clearly much shorter than in the main volumeV1. The scat-
tering volume of the extra peak is;1% of the total scatter-
ing volume. The probe depth of photons at the uraniumM4
resonance is about 1000 Å, and we find that the width of
extra peak corresponds to a correlation length of appr
mately 200 Å.

In Fig. 5 we plot the variation of wave vectorkm with
correlation lengthj, with temperature as an implicit param

FIG. 4. An illustration of the spin addition model for the ca
S52 and N510 which results inkm;0.41 @Eq. ~3!#. The extra
spins inserted into the commensurate1122 structure, and the
cell length, are labeled.
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eter. For thex50.18 sample, the correlation length increas
up to ;250 Å at which pointkm;0.44 implyingS/ l;2/32
so there are 15 unit cells on average between spin additi
On further cooling~Fig. 2! the extra peak disappears for th
x50.18 sample with a decrease in the correlation length.
thex50.20 sample, on the other hand, the correlation len
increases with decreasing temperature until it reaches s
250 Å with a distance of also about 15 unit cells~i.e., 30
regular layers! between the spin additions.

For thex50.22 sample, the extra peaks are very sm
and we can do no more than confirm their presence, wit
short correlation length.

IV. DISCUSSION

We have shown in this paper that a plausible explana
for the extra diffraction peak is that it arises from regions
the crystal in which there is an additional periodicity. This
connected to the underlying (k51/2) periodicity by the in-
sertion of extra planes of moments. On average, the spa
between these so-called spin additions is between;100 and
200 Å, so that the ordering is relatively long range. Howev
the extra peaks themselves are quite broad in recipr
space, indicating that either this periodicity is poorly defin
or that the scattering volume is broken up into many sma
domains, or both. Recalling the phase diagram~Fig. 12 of
paper I!, we note that the place in which the new pha
appears~hatched region in Fig. 12! is at the boundary~in
terms of both temperature andx) between the 2k and 3k
structures. This is seen directly in following the 0.18<x

FIG. 5. The variation of the wave vectorkm versus correlation
length, with temperature as an implicit parameter, for~a! x50.18
and ~b! x50.20. As the temperature is lowered the correlati
length increases up to about 250 Å for both samples. On fur
cooling the peak disappears for thex50.18 sample whereas th
wave vector and correlation length remain constant forx50.20.
2-3
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<0.22 samples as a function of temperature. All sample
this composition range show a tetragonal lattice distort
~see Fig. 8 of I! at about 50–60 K. At higher temperatu
they are 3k and thus cubic, but at least a large part of t
sample must become 2k below 60 K. Thex50.25 sample
does not undergo this transition and so is 3k at all tempera-
tures. No extra peak is found in this sample. Crystals w
x,0.18 do not form the 3k structure.

Of course, both 2k and 3k structures have the same pe
odicity, k51/2. However, since the transformation betwe
them, at least when their energetics are similar, may be s
gish, we suggest that the spin-addition phase exists in s
interdomain regions between the volumes populated byk
and 3k structures. The linear relationship between the co
lation length (j) and wave vector~k! in Fig. 5, especially for
the x50.2 sample, indicates a relationship between the
tance between spin additions~the fault density! andj. This
relationship can be thought of more directly by consider
the dependence ofS/ l 5(1/22km), which is proportional to
the fault density, onj. The fault density governs the period
icity of the modulation. Assuming that the correlation leng
is the sum of the spin addition cells, we can expect a lin
relationship between the fault density and the correlat
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length. Moreover, for thex50.2 sample, a simple extrapola
tion of the line in Fig. 5 givesj50 at km50.027 rlu, corre-
sponding to faults every;200 Å. For a larger spacing
~smaller fault density! the repulsion between faults at th
distance is apparently insufficient to establish the regula
necessary to produce a diffraction peak. Similarly, we do
observekm.0.060 rlu, corresponding to fault spacings
every;90 Å. We speculate that for a larger fault density t
cost in magnetic exchange energy is too great for the in
facial region to be stable.

The detailed energetics of this proposal remain to be
culated, but the adjustments necessary to accommodate
the volume discontinuity and lattice distortion, as well as t
change of symmetry between the 2k and 3k regions, cer-
tainly provide scope for a modification of the underlyin
magnetic structure in the regions separating these dis
phases.
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