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Complementary neutron and magnetic x-ray scattering experiments have been performed on the
pseudobinary compound USbo. sTe0.2. Both techniques reveal a succession of magnetic phases on
cooling. On passing through the Neel temperature (T~ 205 K), the system enters an antiferromag-
netic (AF) state of modulation wave vector q~ 0.4 reciprocal lattice units. Cooling further a second
AF modulation (q 0.2) appears which coexists with the q 0.4 modulation over a narrow range of
temperature. The appearance of the q 0.2 scattering coincides with the onset of ferromagnetic (q
= 0) order in the sample. The antiferromagnetic q 0.2 modulation persists over a signi6cant range
of temperature in a mixed. state with the emerging ferromagnetism. At the lowest temperatures
studied, however, the system is found to be a saturated ferromagnet with no AF component. In
the case of the x-ray study the onset of ferromagnetism is inferred from the concomitant distortion
of the charge lattice. The smallest value of the magnetic peak width in the AF phase was always
larger than the width of the neighboring lattice peak, consistent with 6nite-size e6'ects in the ordered
antiferromagnetism. Above T~ critical scattering is observed in the paramagnetic phase by both
techniques. The x-ray critical scattering may be described by a single (Lorentzian) function corre-
sponding to a single correlation length, in contrast to recent observations on several other systems.
The results obtained in the neutron and x-ray experiments are compared and discussed.

I. INTRODUCTION

The use of x-ray resonant exchange scattering (XRES)
for the study of magnetic structures and phase transi-
tions has now become well established. XRES comple-
ments elastic neutron experiments as a second difFrac-
tion technique for the study of magnetic structures and
correlations. The discovery by high-resolution neutron
and/or x-ray techniques that the critical magnetic scat-
tering of Ho, ' Tb, and the actinide compound NpAs
(Refs. 5 and 6) apparently arises from two distinct length
scales has raised the question of how widespread this phe-
nomenon might be in magnetism. It challenges our un-
derstanding of second-order phase transitions, in which
the ordering is conventionally understood to be driven by
the divergence of the critical fluctuations. In this paper
we report both neutron and synchrotron x-ray experi-
ments on the magnetic structures and correlations of sin-
gle crystals of USbo STeo 2. Perhaps surprisingly, in view
of the earlier studies, ' ' there is reasonable agreement
between the neutron and x-ray results. The higher res-
olution of the x-ray technique revealed that the ordered
antiferromagnetic (AF) state is more finite-size limited

than the underlying lattice. Hints of such behavior are
also visible in the neutron-scattering data and we discuss
possible reasons.

USb is a well-studied uranium compound with a
triple-q type-I antiferromagnetic structure developing at

212 K." Doping with Te increases the ferromagnetic
interactions (UTe is a ferromagnet) and the compound
USbo sTeo 2 (NaC1 crystal structure, a=6.184 A. at room
temperature) is a ferromagnet below 170 K. The
USbj Te magnetic phase diagram as a function of
tellurium concentration, x, and temperature is shown in
Fig. 1. For x & 0.5 the ordering temperature is fairly
insensitive to composition (T~ = 213 K for USb) but
gradually decreases to T~ —104 K for pure UTe. All
the solid solution compositions have continuous phase
transitions. ' For x & 0.27 the magnetic ordering is
ferromagnetic with the moments lying along the (ill)
body diagonal. The saturated magnetic moment of the
uranium atom has a value of 2.6@~ for 0.18 & x & 0.5
and decreases to 1.9@~ in UTe. s The (ill) easy axis is
confirmed in the ferromagnetic phases by both the mag-
netization results and the presence of a rhombohedral
distortion of the unit cell below T~. In the samples
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I'IG. 1. The magnetic phase diagram of the solid solution
USb~ Te as a function of temperature and tellurium con-
centration. Modi6ed from Ref. 7.

which are not purely ferromagnetic, the initial magnetic
ordering occurs as longitudinal waves propagating along
the fourfold cubic axes. The triple-q nature of the or-
dering assures that the resulting local easy axis is (ill)
in the AF compositions. The concentration dependence
of the ordering wave vectors ' near T~ is discussed by
Burlet et al.9

II. EXPEB.IMENTAL DETAILS

The single crystals used in our diQ'raction studies were
grown at the ETH, Zurich, Switzerland. The sample
used in the neutron experiment had a volume of 0.12 cm
and was mounted on a Cd shielded post with two or-
thogonally wrapped wires to reduce the use of adhesives
containing hydrogen. The mosaic spread of this crystal
as measured with the neutron spectrometer was 0.2 full
width at half maximum (FWHM). The NaC1 structure
crystals cleave with (100) faces and a small piece from
the same melt was used for the x-ray experiments. Its
dimensions were 2 x 4 x 0.5 mm . The mosaic width
measured in the x-ray experiment was 0.07 (FWHM).
It should be recognized that these measurements of the
mosaic width re8ect the convolution of the instrumental
resolution with the true mosaic of the crystals.

The antiferromagnetic structures occurring in the cu-
bic USbi Te series give rise to distinct satellite peaks
in the diKraction experiments. These incommensurate
modulations, of magnitude q, propagate along each of
the six cubic fourfold symmetry directions. Our neutron-
scattering experiment investigated the magnetic satel-
lites of the (ill) nuclear Bragg peak. The spectrome-
ter was aligned such that the scattering plane coincided
with that containing the (110) and (001) crystallographic
rejections. In the case of the neutron-scattering exper-
iment, the lowest angle magnetic satellites were those
near the (ill) Bragg peak. In particular (1, 1, 1 —q)
and (1, 1, 1 + q) were accessible in the scattering plane.
Our experiments concentrated on the former of these.

The neutron experiments were performed on the TAS1
triple-axis spectrometer, situated on the cold source of
the Ris@ National Laboratory reactor. Operating in a
two-axis mode, with the analyzer crystal removed, 5.08
meV neutrons were selected by a Hat pyrolytic graphite
(002) monochromator, with a cooled polycrystalline Be
filter to remove higher order contamination. The colli-
mation was 30' —60' —30'. For the subsequent anal-
ysis of the critical scattering an accurate measurement
of the resolution function was undertaken at the (111)
nuclear Bragg peak at T=185 K. Gaussian fits to scans
in the three symmetry directions yielded the following
values, half-width at half maximum (HWHM): in-plane

&q~ool] o.o063 ~ ' and &q~&zoj = 0.0056 A.
—'; the

out-of-plane resolution width was 0.025 A.

In this paper we shall use the notation (QH, QIc, Ql, )
to denote the components of a general vector in recipro-
cal space de6ned with respect to the origin. The mag-
netic modulation wave vector defined with respect to a
nearby reciprocal lattice point will be represented as be-
ing of magnitude q. In the neutron study the scattering
cross section led us to investigate the magnetic satellites
around (111), while in the x-ray study the constraints
of reAection geometry dictated an investigation of the
satellites of (002), four of which were accessible in-plane.
Because of the difFerent interactions in magnetic x-ray
and neutron diffraction, the (0, 0, 2+q) satellites of the
(002) reflection have zero intensity in the neutron case.
The study of di8'erent regions of reciprocal space in the
two experiments leads us to introduce a simplified nota-
tion that facilitates direct comparison between the two
experiments.

The fundamental magnetic properties may be de-
scribed in terms of two reduced wave vectors, defined
with respect to the direction of propagation of the mag-
netic modulation from a nearby reciprocal lattice point.
We define

q~~
to be a wave vector along the direction

of propagation, while q~ denotes the wave vector com-
ponent orthogonal to that. For symmetry reasons the
scattering will be rotationally symmetric about the di-
rection of propagation. In the case of our neutron study
of the (1, 1, 1 —q) satellite the designation

q~~
refers to a

wave vector along Ql, propagating from the (111) while

q~ corresponds to a wave vector in the in-plane direction
I110].

The x-ray experiments were performed at beamline
X22C of the National Synchrotron Light Source at
Brookhaven National Laboratory. The beamline con-
sists of a bent cylindrical nickel-coated focusing mirror
and a Ge(111) double crystal monochromator that al-
lows access to x-ray photons in the range 3.5 keV to

12 keV. As has been discussed in previous work
the use of resonant magnetic scattering enhancement in
actinide systems requires photons ( 3.7 keV) close to
the low energy limit of the beamline. At these energies
attenuation of the beam by air in the experimental hutch
and by beryllium windows in the beamline is a significant
concern and wherever possible evacuated Hightpaths are
used and the number of x-ray windows is kept to a min-
imum. All the magnetic x-ray scattering data presented
here were obtained at the uranium Ml~ edge using pho-
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tons of energy 3.728 keV. At this energy the (1/e)
penetration depth is of order 1500 A. . The sample geom-
etry was defined such that the c direction was perpendic-
ular to the largest face of the crystal which was centered
in the x-ray beam. The sample was oriented such that
the scattering plane coincided with the Q~ = 0 plane of
reciprocal space.

When using XRES to extract critical exponents char-
acteristic of these types of magnetic system it is essential
to take rigorous account of the effects of instrumental
resolution and crystal quality in the data analysis. Our
data analysis methodology is based on that developed
by I angridge et al. ' The resolution ellipsoid is based
on measurements from the (002) charge peak at 189.6
K with photons of energy 3.728 keV. We consider the
intersection of the three-dimensional tilted resolution el-
lipsoid with the Cartesian axes of the reciprocal space.
The cuts of the ellipsoid in these three directions yield the
experimental resolution: in-plane Aq[yap] = 0.00101 A.

Aq[ppy] = 0.00139 A. and out-of-plane Eq[p] p]: 0.0048
(HWHM); the [010] value was measured in a subse-

quent experiment on USb.
In the x-ray experiments all four in-plane q 0.4 mag-

netic satellites around (002) were observed. Our x-ray
investigations of the ordered antiferromagnetic phases of
USbp sTea q involved a study of both the (0, 0, 2+q) and

(q, 0, 2) magnetic satellites. We note that the designa-
tion q~I would in the former case refer to a wave vector
in the QL, direction. In the latter case

q~~
would denote

a wave vector along Q~. In each case q~ would describe
the orthogonal wave vector in the Q~ = 0 plane. Our
critical scattering data were taken from the most intense
of the four observed satellites, that at (0, 0, 2 + q).

III. NEUTRON-SCATTERING RESULTS

A. Magnetic phase diagram

Consistent with the earlier neutron work ' on
USbq 8Teq ~, the neutron experiments have detected four
phases between T~ and low temperature. These regimes
are illustrated in the top panel of Fig. 2. Above T~ 205
K the system is paramagnetic. On cooling through T~
the system enters an incommensurate AF phase with
modulation wave vector q 0.4. On cooling further to-
wards the Curie temperature T~ 175 K the situation
becomes somewhat more complicated. A second (q 0.2)
AF modulation appears and coexists for a narrow range
of temperature with the now diminishing q 0.4 feature.
Accompanying the growth of the q 0.2 phase is the on-
set of a ferromagnetic (q = 0) component, measured, for
example, at the (111)point. At the lowest temperatures
(below about 145 K) only the saturated ferromagnetic
q = 0 component remains.

In Fig. 3 we show representative qII scans through the
magnetic (1, 1, 1 —q) satellites of (111). For all of the
USbi Te structures examined neutron-scat tering stud-
ies And no satellites along the [001] direction itself;s's this
indicates that the magnetic Fourier components are lon-

gitudinal in nature, as any component transverse to the
direction of the momentum transfer would give rise to
satellite re8ections. A further insight into the magnetic
structure is illustrated in the inset to Fig. 3. This fea-
ture is the third harmonic of the magnetic modulation.
A true AF square-wave spin structure in real space would
be expected to generate all odd Fourier components in re-
ciprocal space. It is clear from the existence of this third
harmonic signal that the incommensurate AF magnetic
modulation of q 0.2 is not sinusoidal in form but that
there is a strong tendency to "squaring. "

The wave vectors of the AF components are shown as
a function of temperature in the middle panel of Fig. 2.
The discontinuity in wave vector at about 175 K corre-
sponds to a first-order phase transition. The onset of
ferromagnetism illustrated in the top panel of Fig. 2 is
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FIG. 2. Top: Temperature dependence of the neu-
tron-scattering magnetic peak intensity for the antiferromag-
netic and ferromagnetic ordering. The ferromagnetic intensity
has been reduced by a factor of 10 to be on the same scale as
the antiferromagnetic intensities. Middle: The antiferromag-
netic ordering wave vector as a function of temperature. The
hatched area represents the approximate extent of the region
of coexistence. The curves are guides to the eye. Hot tom: The
width of the qII antiferromagnetic scattering observed in the
neutron experiment. Note the critical broadening above T~
and the slower increase in width away from T~ in the ordered
phases. The T~ illustrated is as determined from the data in
Fig. 4. The horizontal dashed line represents the appropriate
experimental resolution.
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associated with the appearance of the q 0.2 modulation
in coexistence with the q 0.4 signal. This coexistence
of the two AF modulations is shown by the scans at 170
K and 171 K in Fig. 3. Intuitively the simplest explana-
tion is that the two antiferromagnetic modulations relate
to di8'erent magnetic phases which coexist in difFerent
parts of the sample. It is important to state that the
appearance of the q 0.2 modulation is clearly related to
the onset of ferromagnetism in the sample. It is natural
therefore to assume that the q 0.2 AF modulation exists
in that portion of the sample with ferromagnetic align-
ment. The coexistence region would therefore consist of
two spatially separated parts of the crystal. The erst, es-
sentially ferrimagnetic, would consist of a superposition
of q = 0 and q 0.2 modulations while the second would
consist of the residual volume fraction in the q 0.4 state.
As shall be discussed in Sec. IV C the onset of the ferro-
magnetism is associated with a rhombohedral distortion
of the crystal lattice. This structural distortion may be
responsible for favoring the q 0.2 modulation of the an-
tiferromagnetism. Below 145 K there is no sign of any
AF (q g 0) component and the system as a whole may
be regarded as a saturated ferromagnet.

These magnetic structure results are similar to those
reported by Burlet et a/. ' for samples with a nominally

equivalent composition to our own. They indicate also
that the phase diagram, Fig. 1, is more complicated near
the ferro/antiferromagnetic boundary. Similar compli-
cated phases have been found in Uo 85Tho q5Sb by Paixao
et al. This latter paper discusses in detail the difFicul-
ties of interpreting these different Fourier components,
and hence obtaining an understanding of the actual real-
space magnetic structure. We note that similar coex-
istences have been observed in the multiply commensu-
rate monopnictide antiferromagnet CeSb. In this case
also it is far from trivial to determine the precise real-
space magnetic structures from the observed neutron-
difFraction data.

In the bottom panel of Fig. 2 we illustrate the behav-
ior with temperature of the width of the antiferromag-
netic satellites. Above T~ there is a rapid broadening of
the magnetic peak corresponding to critical Auctuations
within the paramagnetic phase. The critical scattering
will be discussed in Sec. IIIB. From Fig. 2 we see that
the q 0.4 satellite peak is sharpest just at T~. We
note that the (raw) width (FWHM) of this feature is

0.014 r.l.u. (0.014 A. ~ as 2vr/c = 1.016) at T~. This
is slightly broader than the experimental resolution of
0.0126 A in that direction. It is noteworthy that the
neutron widths in the q 0.4 ordered AF phase increase
slightly on cooling. This result will also be discussed in
Sec. IV A in the context of the x-ray observations.
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B. Critical region

Published data ' on USbo 8Teo 2 give an ordering tem-
perature of T~ = 205 K. For a detailed investigation
of the critical phenomena an accurate determination of
the ordering temperature is required. The cusp in the
magnetic intensity measured at (0.986, 0.986, 0.6) gave
T~ ——205.3 + 0.4 K. Using this estimate a more re-
G.ned investigation was made of the integrated intensities
near T~. Figure 4 shows the integrated intensity of the
(1, 1, 0.6) magnetic satellite as a function of temperature.
Fitting the data to a power law function of the reduced
temperature t = (T —T~)/T~, given by
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FIG. 4. The integrated neutron intensity of the (1, 1,0.6)
magnetic satellite. The solid curve is a power law fit discussed
in the text.



52 RESONANT X-RAY AND NEUTRON DIFFRACTION STUDY OF. . . 4413

gives an ordering temperature of T~ ——205.6 +0.2 K and
a sublattice magnetization exponent of P = 0.36+ 0.02,
which is in agreement with the three-dimensional (3D)
Heisenberg value of 0.367. Symmetry arguments have
been advanced to place the USbo 8Teo 2 system in a uni-
versality class with an order parameter described by
a six component vector. For this class, anisotropy in
the Hamiltonian does acct the observed exponents, al-
though not too significantly, with the result that the pre-
dicted exponents are similar to the 3D Heisenberg model.

Figure 5 illustrates representative critical scattering
data obtained in the paramagnetic phase, measured
around the reciprocal space position (1, 1, 0.6). The data
clearly indicate broadening associated with critical Buc-
tuations of the magnetic correlations above T~. In this
critical regime, a simple anisotropic Lorentzian function
centered at q 0.4 was found to be adequate to describe
the isothermal staggered susceptibility;

where v.
II

and r~ are the inverse correlation lengths par-
allel and perpendicular to the ordering wave vector (0, 0,
—q).

As shown in Fig. 5 the scattering in the transverse di-
rection [110] is approximately four times narrower than
the [001] longitudinal scattering reflecting the real-space

anisotropy in the exchange interaction. The values for KI~

and v~ were obtained from a three-dimensional convolu-
tion of the critical scattering, modeled as an anisotropic
Lorentzian [Eq. (2)] with a tilted ellipsoid corresponding
to the experimental resolution; due account was taken
of the small background contribution to the scattering.
These fitted values are shown in Fig. 6. It is important
to note that the Neel temperature emerging from our
fits to the critical paramagnetic data (204.66+0.13 K)
is slightly lower than that determined from the decay of
the ordered phase magnetization (205.6 K+0.2 K). Simi-
lar eKects have recently been reported for resonant mag-
netic x-ray experiments on holmium. ' The anisotropy
KII /r~I illustrated as a function of temperature in the
lower panel of Fig. 6, is approximately constant with
temperature and has a value of B = 4.25 + 0.50. The
solid lines in the upper panel of Fig. 6 correspond to a
fit of the form r = ( ]t]" applied to both the neu-
tron data presented here and to the x-ray data discussed
in Sec. IVB. We note that this conventional power-law
form for K assumes a divergence at T~ (i.e. , K ~ 0 )
which is not in fact observed experimentally. The ex-
ponent v = 0.46 arises from a simultaneous fit to the
four data sets: longitudinal and transverse scattering as
measured with neutrons and x rays. The data have only
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shown here and the x-ray results illustrated in Fig. 12. The
curves correspond to a critical exponent v =- 0.46 and are
drawn with a solid line over the range of the fit. The power law
fit assumes K = 0 for T ( T~. Such a conventional approach
represents an approximation in this case as the system does
not long-range order at T~. The lower panel illustrates the
behavior of the anisotropy with temperature. The dashed line
corresponds to the weighted mean value.
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been fitted over a range of reduced temperature ( t
0.022), that is, in the neutron case, up to a maximum
temperature of 209.2 K. Fitting over this range, denoted
by the solid curve in Fig. 6, allows a consistent treatment
of both the neutron and x-ray data while excluding those
points of poorest statistical reliability. Despite the high
statistical quality of the neutron data the observed value
of the correlation length critical exponent v is unusually
small. The values obtained from fits to the neutron data
alone are longitudinally v = 0.442 + 0.014 and trans-
versely v = 0.435 + 0.012 (for t ( 0.022). These values
are inconsistent with most universality classes of critical
phenomena with the possible exception of mean field,
for which v = 1/2. There is, however, little physical jus-
tification for a mean field description of this system. We
return to the discussion of the critical exponent v in Secs.
IVC and V.

IV. X-RAY SCATTERING RESULTS

A. Phase diagram

The technique of x-ray resonant exchange scattering
(XRES) can be used to determine a magnetic phase dia-
gram just as is the case with neutron scattering. There
are, however, certain limitations that are specific to the
use of x rays. In particular, no direct observation of
the ferromagnetic signal is possible with the XRES tech-
nique, as performed in our study. This is a consequence
of the ferromagnetic signal being superimposed on top of
the far brighter charge scattering from the crystal lattice.
As we shall discuss later in Sec. IV C an indirect measure-
ment of the onset of ferromagnetism may be possible with
x-rays as a consequence of the high q resolution attain-
able. In the case of USbp STep 2 the Curie temperature
is clearly visible through the magnetoelastic distortion of
the charge lattice that is associated with the appearance
of ferromagnetism.

In the top panel of Fig. 7 we illustrate the relative con-
tributions of the various magnetic modulations observed
in our x-ray study, in an analogous way to the neutron
results presented in Fig. 2. As in the neutron case we
observe the growth of an ordered AF phase below T~
with a modulation wave vector of q 0.4. Similarly,
on cooling further we also observe a discontinuous phase
transition to a state including a q 0.2 modulation. Fig-
ure 8 illustrates representative data from the ordered AF
phases below T~ analogous to the data presented earlier
in Fig. 3. In contrast to the neutron case the x-ray results
show no indication of any higher order Fourier harmonics
of the magnetic structure. Discrepancies in observations
of higher harmonics between neutron and x-ray studies
of actinide antiferromagnets have been previously consid-
ered to be a consequence of the small x-ray penetration
depth ""

The resolution of the x-ray technique provides evidence
towards an explanation of the broadening of the q 0.4
modulation peak at low temperatures observed in the
neutron experiment and illustrated in Fig. 2. From Fig. 8
we see clearly that near the Curie temperature (T 185

K) the x-ray data at higher q in fact correspond to several
discrete modulation wave vectors. At higher tempera-
tures closer to T~ there is evidence of only a single mod-
ulation wave vector which is seen to move smoothly with
temperature, implying truly incommensurate behavior.
The existence of several discrete q 0.4 modulations
is clearly suggestive of higher order commensurate val-
ues as are observed in "devil's staircase" systems such as
CeSb 20,21

In the middle panel of Fig. 7 we present x-ray results
illustrating the behavior of the modulation wave vector.
The form and symmetry of the magnetic modulations as
a function of temperature are similar to those observed
in our neutron investigation (Fig. 2). The only difFer-
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The widths of the qII magnetic x-ray scattering as a function
of temperature. Note the critical broadening above T~ and
the significant increase in width away from T~ in the ordered
phases. The horizontal dashed line represents the resolution
in the Q& direction. A similar but slightly sharper resolution
applies in the Q~ direction.



52 RESONANT X-RAY AND NEUTRON DIFFRACTION STUDY OF. . . 4415

2000-

1500-

1000-

pooo
p

p o
p 0

T=174.1K

0-

ence between the two results is that in the x-ray study
we observe the coexistence of the two modulations to
set in at a higher temperature, 185 K, rather than the

175 K observed in the neutron study. This discrep-
ancy results from the correspondingly different values of
the Curie temperature observed by the magnetic neutron
diffraction and the x-ray study of the lattice distortion
discussed in Sec. IVC.

As noted in Sec. I the x-ray sample represented a
very small part of the original melt. The small near-
surface volume probed by the x rays might be expected
to have a slightly different stoichiometry than the av-
erage across the large crystal sampled in the neutron
study. Small differences in the effective tellurium con-
centration between the neutron and x-ray experiments
may partly be responsible for the differences in observed
Curie temperatures T~. As illustrated in Fig. 1, T~ has a
stronger dependence on tellurium concentration (x) than
the Neel temperature T~. In the x-ray experiments we
find a consistency between T~ inferred from the onset of
the q 0.2 modulation measured with 3.728 keV x rays
and the value obtained from the lattice distortion mea-
surements obtained with 8 keV photons and discussed in
Sec. IVC. As such there is little evidence for unusual
efFects associated with the extremely small near-surface

volume probed with the 3.728 keV x rays in the XRES
study when compared to the deeper sample penetration
obtained at 8 keV. However, the full extent of the role of
the surface in determining measured magnetic properties
is not yet well established and will await a comparison
of the x-ray measurements with surface-sensitive high-
resolution neutron diffraction. Recently an experiment
has been reported by Gehring and co-workers in which a
tightly collimated neutron beam was used to probe anti-
ferromagnetic ordering in the near-surface region of a ter-
bium single crystal. ' They report that the near-surface
"skin" is found to have a narrower critical scattering line
shape than the bulk and that the skin extends to a depth
of 0.2 mm, which is significantly larger than the pen-
etration depth in a typical actinide XRES study.

In the lowest panel of Fig. 7 we illustrate the behavior
of the widths of the antiferromagnetic peaks, where we
have treated the q 0.4 modulation as a single feature
despite the evidence for discrete structure, mentioned
earlier. There is a similarity between these observations
and those presented earlier in Fig. 2. In the x-ray case,
however, the broadening of the antiferromagnetic scatter-
ing is more pronounced and more rapid with decreasing
temperature than was seen with the neutrons. Both tech-
niques gave the smallest width for the q 0.4 modulation
just below T~. In each case the data shown represent
raw values without consideration of instrumental resolu-
tion. For both the x-ray and neutron experiments the
raw values of the peak width at T~ appear larger than
the experimental resolution implying an absence of true
long-range order in the system. The essential features
of this result are confirmed, although less dramatically,
by the more rigorous analysis associated with the critical
scattering and discussed in Sec. IV B.
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CO~ 2000-

00~ 8000-CJ
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2000-
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B. Critical regime as measured by x rays

Figure 9 shows a power law fit [Eq. (1)j to the in-
tegrated intensity obtained from

q~~
scans through the

(q, 0, 2) peak. The measured XRES intensity has been
assumed here to arise purely from the magnetic two spin
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FIC. 8. Representative x-ray data in the AF and mixed
phases. The middle scans illustrate the possibility of three or
more coexisting modulations at higher q coexisting with the
q 0.2 modulation. The small feature ( 500 counts/sec) at
q~~

——0.24 visible in the 174.1 K and the 199.1 K data is part of
the background measured at 225.3 K. The x-axis numbering
corresponds to the values of (2+q~~).
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FIG. 9. The integrated x-ray intensity of the (0.4, 0, 2)
magnetic satellite. The solid curve is a power law fit discussed
in the text.
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correlation function. Recent theoretical work has lent
support to this assumption in those cases where the ex-
perimental energy resolution is sufFiciently broad as to
regard the scattering as quasielastic. These and similar
considerations have been discussed recently by Thurston
et a/. Therefore, we have fitted the measured integrated
intensity to Eq. (1) in a manner directly analogous to
that used to analyze the neutron data presented in Fig. 4.
The fit obtained is shown in Fig. 9; a value for the criti-
cal exponent P of 0.38 + 0.08 is obtained, in agreement
to within error with the value observed in our neutron-
scattering experiment. The corresponding value of the
Neel temperature, T~, is 206.6+0.9 K. This compares
with our measurement of T~ in our order-parameter neu-
tron investigations of 205.6 K and a published value of
205 K from Burlet et al.89

Broad scattering peaks arising from the critical Huctu-
ations in the paramagnetic phase were observed at both
the (q, 0, 2) position and the (0, 0, 2+q) position. In the
latter case critical scattering was observable at tempera-
tures up to T~ + 7 K. Just as in the case of the neutron
data the model line shape for the critical scattering was
taken to be an anisotropic I orentzian [Eq. (2)]. In this
case, however, at (0, 0, 2+ q) we note that

q~~
= qL, —2,

and q~ = QH. The measured background (at 225.3 K)
was subtracted from the data prior to analysis with a
convolution of the model line shape and experimental
resolution. This ensured that the analysis treated only
the symmetric and distinct peak associated with the (0,
0, 2+q) AF modulation and was not aB'ected by the tails
of the (002) charge peak which appears as a sloping back-
ground in the raw data.

In Fig. 10 we present representative, background sub-
tracted, data from the critical paramagnetic phase above
T~ as measured at the (0, 0, 2+q) peak. The rapid de-
crease in intensity (static staggered susceptibility) and
the smooth broadening of the diffraction signal both
longitudinally and transversely is clearly indicative of
critical scattering and are consistent with a continuous
phase transition. In contrast to previous XRES studies
of critical scattering' 6 we find that a single anisotropic
I orentzian is sufFicient to obtain excellent fits to the data,
as illustrated in Fig. 10. There is no need to invoke a
"two-component" line shape as has been required previ-
ously for other systems.

The critical scattering synchrotron x-ray results are
summarized in Fig. 11 in a form analogous to that used
for the neutron results of Fig. 6. As in the neutron case
we find that the value of the Neel temperature obtained
from the critical scattering (207.4+2.3 K) is slightly dif-
ferent than that arising from the ordered phase data.
However, in this case the discrepancy is well within error.
As in the neutron study values of the correlation length
exponents may be extracted from the critical scattering
data. However, in the x-ray case the greater scatter of
the observed K values prevents a precise determination
of the correlation length exponent based upon the x-ray
measurements alone. In Fig. 11 we illustrate the v val-
ues obtained from our fits to the x-ray scattering data.
It is immediately apparent that these data lie in a sim-
ilar range to those obtained with the neutron scattering

and illustrated in Fig. 6. That is, the inverse correlation
lengths extracted from our I orentzian line shape corre-
spond to the same critical fIuctuations as have been seen
with the neutrons in this study. As such the x-ray crit-
ical scattering is reminiscent of the broader component
in the "two-component" line shapes reported for other
systems. The solid curve in the upper panel illustrates
the v = 0.46 dependence obtained in a simultaneous fit
to all the measurements both neutron and x ray and il-
lustrated earlier in Fig. 6. The dashed curve extends
this power law dependence beyond the range of the fit
(t ( 0.022). The x-ray results summarized in Fig. 11
are remarkably consistent with the neutron-difI'raction
results (Fig. 6). A fit to the x-ray results alone yields
in the parallel direction v 0.75 while in the perpen-
dicular direction v 0.65 in each case the uncertainty
is so large ( + 0.5) that little physical understanding
can be obtained from these nominal values. In the lower
panel of Fig. 11 the measured anisotropy of the extracted
widths is illustrated. The x-ray result clearly shows more
scatter than the neutron result but is consistent with the
neutron value.
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1Q.

5.

207.5K

'W, r. i. ~, c——.
2.2 U 2A 2.5 2.6 U -0.) Q 0.) 02

(0, 0, 2tq) (rlu) (q, 0, 2+q) (lou)

FIG. 10. Critical x-ray scattering around (0, 0, 2 + q). q~~

denotes the Qr, direction while q~ corresponds to Q~. The
solid curves are least-squares fits to an anisotropic Lorentzian
folded with the three-dimensional resolution function. The
experimental resolution widths (FWHM) are Aq~~ 0.00279' and Aq~ 0.00203 A
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experiments give T~ ——175 K, whereas the x-ray exper-
iments find T~ ——183 K. A similar expansion of the d00i
spacing at T~ was found in U0 85Tho &5Sb by Paixao et
al. ~5

We have also measured both the longitudinal and
transverse widths of the (002) and (004) charge peaks
as a function of temperature, and the results are shown
in Fig. 12(b). The longitudinal widths show no variation
throughout the temperature range and have a value cor-
responding to AQL, /Ql, = 5 x 10 . This is again con-
sistent with a rhombohedral distortion, which does not
change the equivalence of the dppi plane spacings. How-
ever, the transverse widths show an unusual change be-
low T~. The width of the (002) reflection changes much
more than that of the (004). Strain arguments require
that these changes be either equivalent, or that there
is a linear Q dependence, rather than the observed in-

2-.
200 205 210 215 220

6.183

FIG. 11. A plot of the inverse correlation lengths e~~ and
e~ as a function of temperature (x-ray data). The values de-
rive from data obtained at the (0, 0, 2 + q) satellite. The
curves correspond to the v = 0.46 6t to all the inverse cor-
relation length data, as illustrated previously in Fig. 6. In
the x-ray case the residual width at T~ as determined from
the convolution routine is slightly smaller than would be indi-
cated by the raw data illustrated in Fig. 7. By both measures,
however, the q~~ data reveal an excess width corresponding to
a lack of long-range order at T~. The lower panel illustrates
the behavior of the anisotropy with temperature.
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The position and width of the (002) and (004) charge
peaks have been determined as a function of temperature
using 8 keV photons and a Ge(111) analyzer to improve
the instrumental resolution. We show in Fig. 12(a) the
variation of the d00i lattice spacing as measured from
both the (002) and (004) charge peaks as a function of
temperature. In the paramagnetic (T ) T~) and anti-
ferromagnetic phases (T ) 185 K) dppj is identical to
the lattice parameter. For both reflections studied there
is a large anomaly at T~. There is no indication of any
discontinuous behavior in the lattice at T~ that would be
indicative of weakly first order Neel transition. Below Tc;
the onset of magnetoelastic stress causes the d00i spac-
ing to reach a maximum at 150 K. Below T~ dppy is
no longer strictly the lattice parameter because a rhom-
bohedral distortion occurs. Hulliger and Vogt reported
a lattice distortion, which results in an elongation along
the (ill) diagonal with an accompanying change of the
cubic angle &om 90 to 89.85 . We cannot, of course,
determine both the parameters (length and angle) of the
rhombohedral distortion by measuring only one set of
charge peaks, but our results for the increase of d00q are
consistent with their measurements. In their sample T~
was 158 K, but the stoichiometry may have been slightly
di8'erent &om the present sample. The present neutron
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FIG. 12. (a) Variation of the dept lattice spacing with tem-
perature (high resolution x-ray data). The squares are from
the (002) charge peak and the circles are from the (004). The
relative changes in dooq are well established although the ab-
solute value may be subject to significant systematic error.
(b) Variation of the parallel and transverse widths (FWHM)
of the (002) ( ) and the (004) (&) charge peaks. The ordi-
nate axis is correct for the (004); the values given for the (002)
have been doubled. Dividing the ordinate values by 4 gives
b,Qr, /Qr. for the longitudinal scans, and the width in radians
for the transverse scan.
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verse proportionality with momentum transfer, Q. Such
an unusual Q dependence was also found below Tc by
Paixao et aI. in Up 85Thp q5Sb. These authors pro-
posed that this could be interpreted as arising from a
depth-dependent mosaicity resulting from reorientation
of the crystallites due to the rhombohedral distortion.

V. DISCUSSION

The x-ray experiments reported here were undertaken
to examine more carefully the nature of the critical scat-
tering line shape. To our surprise, no evidence for a sec-
ond "sharp" component has been observed, in contrast
with reports Rom previous studies on Ho, Tb, ' and
NpAs. More recently such a sharp component has been
found also in USb, so that the systematics of this situ-
ation remain unclear. Of course, a small amount of the
sharp component would be difIicult to detect, particu-
larly as this contribution is normally ' ' ' only observ-
able relatively close to T~. We note that the neutron
critical scattering data are far superior to those obtained
for NpAs, ' because of absorption by Np and the lim-
ited crystal size of transuranium materials.

The origin of the second sharp component is still
controversial, with defects in the "skin" region being
presently favored. Near-surface defects have been in-
voked to explain the observation of long-range mag-
netic order in the random field Ising antiferromagnet
Mnp 75Znp 25F2, for temperatures and fields at which the
bulk exhibits short-range order. ' It is interesting to
note that no special precautions were taken in the ex-
periments reported in this paper to prevent the forma-
tion of an oxide overlayer. Further the crystal quality
is certainly no better than either NpAs (Refs. 5 and 6)
or USb, in both of which strong sharp components
have been seen near T~. In the experiment reported
here the magnetic critical scattering does not sharpen
up to a value equivalent to the experimental resolution.
This implies therefore that the AF phases are not truly
long-range ordered and below T~ the correlations are al-
ways finite-size limited. A similar situation was found in
the Up 85Thp $5Sb system by Paixao et al. but unfor-
tunately no measurements of the critical scattering were
reported in that study. We have some indication from the
x-ray data that the ordered phase magnetic correlations
are somewhat anisotropic, with a minimum value of B
2.5 for temperatures just below T~. Cooling further the
anisotropy increases consistent with the qI~ broadening
illustrated in the lowest panel of Fig. 7. A full under-
standing of these properties, however, will await further
x-ray experiments performed at very high q resolution
with an analyzer crystal. Such experiments would allow
for a precise determination of both the finite-sized limit
to the AF correlations at T~ and the anisotropy.

To summarize, the experiments reported here have
shown two unusual effects. The first is the absence of any
observable sharp component in the critical scattering,
and the second is that the magnetic correlations never
diverge to infinity (as defined by the lattice periodicity).
The smallest inverse correlation lengths are observed just

below T~. Although we observe that the x-ray data never
reach the resolution limit a precise quantitative study of
the finite-sizing of the ordered phase will await higher
resolution x-ray studies.

We believe it is significant that the magnetic peak
widths for both USbp sTep 2 and Up s&Thp i&Sb (Ref. 15)
are always broader than the experimental resolution. It
is important to stress, first that the charge peaks are, by
definition, resolution limited, and second that this situa-
tion is not found in materials such as Ho and NpAs, both
of which also exhibit incommensurate magnetic struc-
tures just below T~. In the case of NpAs the resolution
width is attained, at least for the majority of the do-
mains, by 1—2 K below T~. Doping USb with either
Th or Te results in a small perturbation to the underly-
ing lattice. The difference in lattice parameter between
USb and UTe, for example, is 0.6%%uo so that the random
strain introduced by a Te atom is easily accommodated.
The lattice peaks of these compounds are, as a conse-
quence, sufIiciently sharp as to allow an experimental
resolution function sharper than the sharpest magnetic
features observed. However, on doping USb with either
Th or Te, the electronic structure of the compound is
changed appreciably by adding one additional electron
to the conduction band, with a corresponding change in
the valence-band structure. We suggest that these local
"perturbations" of the electronic structure are at the ori-
gin of the lack of long-range magnetic coherence for both
Up 85 Thp q5 Te and USbp 8 Tep 2 for all the incommensu-
rate phases below T~. The perturbation can be thought
of as a "smearing" of the sharp features of the Fermi
surface that define the incommensurability.

Another interesting effect shown in Fig. 2 and espe-
cially in Fig. 7 is that the widths have their minimum
close to T~. This can be understood to result from an in-
terplay between magnetoelastic strain, which favors com-
mensurate magnetic structures, and Fermi surface effects,
which are responsible for the incommensurate modula-
tions. At T~ the value of the magnetic moment is a min-
imum so the strain is small. As the material is cooled the
widths of the magnetic peaks increase implying a reduc-
tion in the long-range coherence of the incommensurate
modulations. This may be understood as being a con-
sequence of the increasing importance of the magnetoe-
lastic strain. The same effect is shown beautifully in the
case of holmium; see Fig. 8 of Ref. 27. As noted previ-
ously, at lower temperatures close to T~ there is evidence
for an actual breakup into several discrete higher-q mod-
ulations. Whether these "impurity effects" generated by
the addition of tellurium are also responsible for the ab-
sence (or at least strong reduction) of the so-called sharp
second component ' is a matter of speculation. More
systematic studies, for example on incommensurate rare-
earth alloys, would be useful in this regard.

With both the neutron and x-ray techniques a power-
law decay of the bulk magnetization was observed, con-
sistent with an order parameter exponent, P, in either
the 3D Heisenberg, or the n = 6 d = 3, universality class
proposed by Mukamel and Krinsky. We have observed
magnetic critical scattering up to several degrees above
T~. In the case of the neutron data in particular, the
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extracted correlation length exponents, v, are not con-
sistent with predictions of the universality classes men-
tioned above. ' We note that the neutron and x-ray
experiments show a remarkable degree of consistency in
the observed inverse-correlation length critical behavior.
Our results may be compared with values of the inverse
correlation length exponent v which have been reported
for several cubic-actinide antiferromagnets. In particu-
lar, neutron-scattering studies report that for USb v =
0.69 + 0.08, for NpAs v = 0.73 + 0.02, and for PuSb
v = 0.58 + 0.05. A previous resonant magnetic x-ray
scattering study reports that v = 1.5 + 0.3 for NpAs.
The result obtained &om our simultaneous fi.t to both
the x-ray and neutron data for USbo STeo 2 is v = 0.46
+ 0.3. The large error is associated with the inclusion
of the x-ray data. Considering the neutron results for v
quoted earlier in Sec. III 8, it is apparent that the inverse
correlation length exponent v is indeed unexpectedly low
for this system.

At Tc our USbo STeo q experiments reveal a discontin-
uous change in the antiferromagnetic modulation wave
vector. The onset of ferromagnetism at Tc is seen clearly
by the neutron technique whereas it can only be observed
indirectly with x rays through the associated distortion
of the charge lattice.

This study illustrates the complementarity of the two
techniques of resonant magnetic x-ray scattering and
neutron di8raction. The USbo 8Teo 2 system is particu-
larly interesting given the unusually large degree of con-
sistency between results obtained by the two techniques.
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