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The magnetic phase diagram of USb-ThSb solid solutions was reported 10 years ago, but we have
reexamined single crystals of (nominal) Uo „Tho»Sb following some unusual results found using syn-
chrotron x-ray techniques. We show by magnetization that the material becomes antiferromagnetic at
T& —190 K, but that a strong ferromagnetic moment develops below T& = 145 K, and reaches 2.7p& per
U atom in high fields and at low temperature. Neutron diffraction (in zero field) on the same {and anoth-
er) crystal indicates that the initial ordering near 190 K is incommensurate with q;„,-0.44 reciprocal-
lattice units (r.l.u). At Tc the strong ferromagnetic component of 2. 1p& is seen, in addition to com-
ponents q

= —' and —' r.l.u. The ratio of the intensities of these antiferromagnetic components is close to
that expected for a square-wave modulation (4+,4 —). The q;„, component disappears near T~ but a
small q = —'-r. l.u. component is left. The presence of this component, also found in the same ratio in a

second crystal, implies that a square-wave arrangement cannot be present. Various models to explain
these results are presented. Synchrotron x-ray scattering has also been used to examine the same crystal.
At the M» resonance (3.73 keV) the magnetic scattering is easily observable. The magnetic diffraction
pattern corresponds to that determined with neutrons, except that the q = —' component is larger in the

x-ray pattern. The difference between the neutron and x-ray results suggests that the near-surface rnag-
netic structure as probed by x rays ( -0.5-pm penetration) is different from that in the bulk, and that the

magnetic structure in the near-surface region may be closer to a square wave. X-rays of 8-keV energy
have also been used to examine the (100) d space as a function of temperature. An interesting broaden-
ing of the transverse, but not longitudinal, width is seen at Tc. We ascribe these changes to finite-size
effects of the magnetic domains. We conclude by discussing the additional advantages of using synchro-
tron x-rays in studies of actinide magnetic structures.

I. INTRODUCTI(ON

We have performed a series of synchrontron x-ray ex-
periments on antiferromagnetic uranium compounds
with the incident energy tuned near their I absorption
edges. McWhan et al. ' showed that at these absorption
edges a very strong enhancement of the magnetic x-ray
scattering amplitude occurs, giving rise to readily observ-
able resonant magnetic x-ray scattering. Our previous
work was concerned with the resonance aspect (i.e., en-

ergy dependence) of this phenomenon; in all cases the
materials had magnetic structures that were established
many years ago by neutron difFraction. One of the sam-
ples (all single crystal in form) examined in Ref. 2 was a
pseudobinary Uo 85Tho»Sb. In this case we thought also
that we knew its magnetic structure, and the main pur-

pose was to search for any effect at the Th resonance.
None was found. In performing the x-ray synchrontron
experiments, however, we became aware that the ob-
served diffraction pattern did not conform to the pub-
lished magnetic structure. The results, in fact, were so
puzzling that we then instigated a study of the same crys-
tal with the more conventional techniques of magnetiza-
tion and neutron diffraction. This paper reports our
findings from all three techniques, magnetization,
neutron-, and synchrontron x-ray diffraction. We shall
report the results in this order for clarity, even though
the x-ray scattering experiments were done first.

The plan of the paper is as follows: The background
on the magnetic structure is given in Sec. II, the magneti-
zation in Sec. III, the neutron measurements in Sec. IV,
the magnetic structure as seen by these two techniques in
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Sec. V, the x-ray experiments in Sec. VI, and a summary
in Sec. VII.

II. MAGNETIC STRUCTURE: PREVIOUS RESULTS
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FIG. 1. Magnetic phase diagram of the {U,Th)Sb solid solu-
tion as published by Rossat-Mignod et al. (1982). The phases I
and IA are antiferromagnetic with components + —,and
++ ——,respectively. Incom. refers to an incommensurate
structure. The vertical hatched marks correspond to regions in
which more than one phase was found.

The magnetic structure of USb (NaC1 crystal with
a =6.191 A) is type I with T~-212 K. In this structure,
sheets of (001) planes are coupled together in the simple
alternating sequence + —+ —. In neutron-diffraction
studies there are no rellections of the form (100), (010), or
(001) in the magnetic pattern. The intensities in magnetic
neutron diffraction are governed by both the magnetic
structure factor and the magnetic interaction vector Qi.
The latter term is proportional to sin a„where o. is the
angle between the moment direction p and the scattering
vector Q. Thus, the absence of magnetic rellections along
the principal cube directions IhOOI would normally im-

ply that the moments were parallel to a cubic direction
(and hence a =0). Such a model involves assuming three
different domains, each domain consisting of a simple
+ —+ —arrangement of moments with the moments
parallel to the propagation direction q. This is called a
single-q structure, and for USb the magnitude of q is 1.
Another, more complex, model may be obtained by as-
suming that the three components of the modulation,
each along a particular cube direction, exist simultane-
ously within certain crystallite. This is the so-called 3q
structure. The diffraction patterns of all multi-q struc-
tures are identical, so that the neutron-diffraction pattern
alone cannot be used to decide which one is correct.

One way to distinguish among multi-q structures is to
apply an external perturbation such as a uniaxial stress or
magnetic Geld. This has been done for USb and firmly es-
tablishes that the structure is 3q. There are two impor-
tant consequences of a 3q structure: (i) the moment
direction alternates throughout the crysta1 among all pos-
sible (111) directions, and (ii) the overall symmetry of
the magnetic structure remains cubic.

We show in Fig. 1 the phase diagram of the

U, Th Sb solid solution. ' Doping tetravalent Th
into trivalent USb adds one electron per Th atom to the
conduction band and the resulting change in the
Ruderman-Kittel-Kasuya- Yosida interaction tends to
drive the system ferromagnetic. Thus, as x increases q
tends to zero, reaching that value at x -0.22, according
to Fig. 1. For x &0.25 other structures are formed with
0 &q & 1. These correspond to structures with longer re-
peat unit cells. The best known of these is the type-IA
structure, with q =0.5, and a repeat unit cell consisting
of a stacking + + ——, etc. This appears in the
(U, Th„Sb) phase diagram for x =0.07. An incom-
mensurate phase with q-0. 515 appears for x =0.15 at
TN'

The tendency for q to decrease with increasing electron
concentration has also been observed in many other sys-
tems, e.g. , USb-UTe, UP-US, ' '" and UAs-USe, ' as has
the development of long-range antiferromagnetic struc-
tures. Another common feature is that for a given com-
position more than one phase is often found at a single
temperature. This is true for experiments on both poly-
crystalline and single-crystal samples, and is usually as-
cribed to a variation in x across a given sample. An
analysis of the NMR linewidths in a similar system' was
interpreted in terms of a variation of dopant concentra-
tion of about 5% across a macroscopic sample. No
direct evidence for non-square-wave modulations or
structures containing "paramagnetic planes, " as found in
Ce monopnictides, ' has been presented for uranium
compounds at low temperature.

III. SAMPLE DETAILS AND MAGNETIZATION

The single crystals were grown at Eidgenossische Tech-
nische Hochschule (ETH), Ziirich, using the mineraliza-
tion technique. ' New crystals were grown for the
present work. The crystals have cleavage faces of (100)
planes so that orienting them is simple. The crystals are
mildly reactive with air so have to be kept in airtight con-
tainers. No special precautions were taken in our experi-
ment to avoid short periods of contact with air, so that
we assume that the (100) faces are coated with a UO2 sur-
face layer. Magnetization, neutron , and x ray dirac-tion--
experiments were performed on the same crystal
( —1 X l. 5 X 2 mm). A larger crystal from the same batch
was also used in the neutron experiment to examine the
intensity of the higher harmonics.

Magnetization experiments were performed on a super-
conducting quantum interference device (SQUID) magne-
tometer (SHE design) at the Centre d'Etudes Nucleaires
(CEN), Grenoble. The crystal was oriented with the ap-
plied field parallel to a (111)direction. Figure 2 shows
the inverse susceptibility as a function of temperature in a
field of 3 kOe. In the paramagnetic region (T) 190 K)
the e6'ective moment corresponds to 3.50(5)ps per U ion.
This is a value consistent with either a 5f or 5f
configuration and, within experimental uncertainty, with
the value of 3.6p~ found for USb. ' It is clear from Fig. 2
that the material (at least in this applied field) is fer
rornagnetic for T &140 K. This is inconsistent with a
thorium concentration of x =0.15 as shown in Fig. 1. '
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FIG. 2. Inverse susceptibility measured in an applied Aeld of
3 kOe along a ( 111) axis as a function of temperature.

More details of the magnetic behavior are shown in
Fig. 3. At low T the total moment is 2.3p,z/formula unit
(f.u. ), i.e., 2.7@~/U, which is in excellent agreement with
the total moment as deduced by Rossat-Mignod et al.
However, Fig. 3(b) shows that another phase exists for
low Geld over a region 145 & T & 190 K. Using the infor-
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FIG. 3. Magnetization as a function of temperature. (a)
Difference between magnetization at 3 and 30 kQe applied
fields; (b) Details of magnetization at 3 koe between 120 and
260 K.

The neutron experiments were initially performed at
the D15 diffractometer at the Institut Laue-Langevin,
Grenoble, but were later transferred to the Siloe, reactor
at the Centre d'Etudes Nucleaires, Grenoble. A double-
axis instrument with an incident wavelength of 2.4 A was
used with appropriate pyrolytic graphite filters to remove
higher-order contamination. The experimental resolu-

O

tion was 0.02 reciprocal-lattice units (r.l.u. ) ( -0.02 A ).
All experiments in the present study were performed in
zero applied field. Figure 4 gives the results for the q =0„
—,', and —,

' components, all of which develop on cooling at
145 (3) K. Notice that the intensities for all three com-
ponents are plotted on the same scale so that the largest
effect is the increase in intensity at the (111)Bragg peak,
i.e., the q =0 ferromagnetic component. This corre-
sponds to 1.8p~/f. u. The presence of such a large fer-
romagnetic component along (111} implies a rhom-
bohedral distortion at Tc (145 K). This distortion has
not been observed directly in our experiments, but is a
standard feature of all ferromagnetic UX materials. '

Indirectly, we observe this macroscopic distortion
through the accompanying relief of extinction (or a
change of the mosaicity) in the crystal. As a result,
strong Bragg refiections such as (200) increase in intensity
below Tc. The (111) peak, on the other hand, with a
weak intensity proportional to ~bU Tt,

—
bsb~ is not sensi-

tive to extinction effects and may be used to normalize
the data and obtain the magnetic components in pz. In
addition to a ferromagnetic component, we see com-
ponents of q =—„' and the third harmonic of this modula-
tion. These may be recognized as components of a
4+,4—modulation, and have been studied recently by
Jones et al. in connection with the phase diagram of
NpAs. Of course, in the latter material there is no fer-
romagnetic component, so the structure may be visual-
ized rather simply. The situation is made even more
di%cult in this case by the observation of yet a fourth
component at q= —,'. This is shown in Fig. 5(a). As we
shall see, for T & 145 K, where the q =0, —,', and —,

' com-
ponents are absent, the structure is incommensurate and
involved a single component near q=0. 5. To give an
overview of this behavior we show in Fig. 5(b) the total
integrated intensity along the reciprocal lattice line from
0.45 & h & 0.55 as a function of T.

Because of this unusual behavior of the magnetic com-
ponents we have also examined a second crystal from the
same batch, but —10 times larger than the first crystal.
The behavior of the two are very similar. Figure 5(c), for
example, gives the q value of maximum intensity as a
function of T of the incommensurate component. Crystal
1 is too small for us to measure this with neutrons below—140 K. (All figures refer to crystal 1 unless otherwise
stated).
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We shall now discuss some of the possible moment
configurations at low temperature ( T ( 145 K), when four
components (q =0, —„', —,', and —,') are observed. In Table I
we give the values in Bohr magnetons of the Fourier

0
0 40 80

T (K)
120 160

~ ~ ~ I ~ ~6 ~ ) ~ ~ ~
$ ~ ~ ~ $ ~ ~ ~ f ~ ~ ~ ) ~ ~ ~ I ~ a ~

$
~ ~ ~

++++ + + + +
+

~ ~ I ~ ~ ~ I ~ ~ ~ I a ~ ~ I ~ ~ ~ I a ~ ~ I ~ ~ ~ I a ~ ~ I ~ ~ ~

Ch

~~
CO

CD

4000
1

I
I

3000 -1 f

t
f

f- i

2000 1

0
(

t

f

1000 —
i I

I 0

0 I

0 0.2
I ~ ~ I

0.4 0.6
I ~ ~

0.8

3

2

1

(b)
0 ~ ~ ~ I ~ ~

0

q=1/4

++
+
+
+
+

+
+
+
+
+

I a a a I *, , a, O, I, , ~

40 80
T (K)

120 160
~ I a a ~ I a a a I a ~ a I ~ ~ ~ ~ ~

I I

I ~

(b)
40 1.5

C5
1

CO

CD

0.5

0 r r ~ I

20 40

I
I

I I I

I r ~ I ~ r ~ I r r r I t ~ r I ~ r I

60 80 100 120 140 160
T (K)

180

~ 7 a a ~ $
~ ~ a

/
~ ~ ~

$
~0.

0.6

0.5

~ a $ ~ ~ I $
~ ~ ~ ( ~ ~ ~ $

~ ~ ~ ( ~ ~ ~

q incommensvrate phase vs. T

Q 46460

1

0.450—

0.4 q =3/4 0.440—

0.3

0.2

0 ~ 1

0 a

0

(c)
~ ~ I a ~ ~ I ~ a ~ I ~

40 80
T (K)

120 160
~ I a ~ 4 I ~ ~ ~ I ~ ~ ~ I ~ ~ a I ~ ~ ~

—:0 ~ 430

0.420

0.410—

(c)
Q 4QQ

120 1

I I r I I I I r

~ crystal 2

0 crystal 1

30 $40 150 160 $70 180

T(K)

FICr. 4. Temperature dependence of the three major com-
ponents to the magnetic modulation as measured by neutron
diffraction (a) (111)nuclear reAection (q =0) showing ferromag-
netic contribution; (b) q= —' component; (c) q = —' component.
Note that the same (arbitrary) scale is used throughout. The
crosses give the squares of the Brillouin function (5=

2 ) to em-

phasize the abrupt T dependence of the measured components.
The T dependence of all three components if essentially the
same.

FIG. 5. (a) Experimental (neutron) scan at 89 K along the re-
ciprocal lattice line (h, 2, 0). The three components at q = 4, —',
and —are shown. {b) Temperature dependence of the total in-

tensity from 0.45 (h (0.55 in Fig. 5(a). The approximate
division into q =

2
and incommensurate q;„, is shown. (c) The

wave vector of the incommensurate modulation q;„c as a func-
tion of temperature for the two crystals examined.
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TABLE I. Observed Fourier components (all in p& per U
atom) for Uo»Tho»Sb at low temperature (T & 100 K). In the
x-ray case we cannot observe a q =0 component with our exper-
imental arrangement, and the q =

4 component has been nor-

malized to the neutron value. We measure only relative intensi-
ties in the x-ray case, see text. Note that to combine the q&0
components to project along the (111)direction, parallel to the

q =0 ferromagnetic component, they must be multiplied by &3.

Neutrons
Crystal 1 Crystal 2

X rays
Crystal 1

q =0 (Fo)
q=41 (Fl/4)
q 2 (Fl/2 )

q=4
FI /4 /'F3/4

2.12(4)
0.55(2)
0.14(1)
0.18(1)
3.1(2)

2.15(4)
0.61(2)
0.15(1)
0.20(1)
3.0(2)

[0.55]
0.27(3)
0.16(3)
3.5(3)

components as measured in the neutron experiment. We
have also tabulated the ratio of the q= —,

' to q
=

—,
' Fourier

components. For a square-wave 4+,4 —structure the
theoretical ratio is 2.41 and experimentally the ratio is
close to this value. If we neglect for the moment the
q =

—,
' component, an initial model is to imagine a square

wave 4+,4 —modulation, but with a large ferromagnetic
component. To achieve this we make the positive mo-
ments much larger than the negative ones in the 4+,4—
modulation, Other methods of producing the observed
harmonics may be imagined. In Table II we give the
theoretical structure factors per atom (assuming
1 ps/atom) for the moment configurations shown. In our
experiments there is no component at q = 1, so that this
excludes more than half the models in Table II. Indeed, a
comparison between Tables I and II shows that none of
these models fits the experimental data.

It is clear from this comparison that we must reject a
square-wave modulation, even at the lowest tempera-
tures. One possible explanation could arise if we are
prepared to accept that the sample consists of two dis-
tinct regions, one giving the q =0, —,', and —,

' components
and the other the q =

—,
' and q;„,. This argument cannot

be rejected from the results of the magnetization and
neutron-diffraction experiments. If that were the case,
however, it is surely coincidental that the ratio of
volumes of the two regions is the same in both crystals
(Table I). We shall return later to this point, when we
present the synchrotron studies.

The phases between these Fourier components cannot,
of course, be determined from measuring diffracted inten-
sities. The number of possible configurations is therefore
infinite. However, if we assume that the system will try
to minimize entropy, then the most likely configuration is
that which minimizes the differences of each individual
moment from the mean value. The sign of the moment is
not considered. The parameters in such a model are the
phases between the coefficients. The results of these
"most probable configurations" are shown in Fig. 6. In
the first simulation, Fig. 6(a), we show the "almost"
square wave obtained by using all the coefficients from

TABLE II. Magnetic structure factors deduced for the vari-
ous harmonics as a function of the various square-wave modula-
tions shown in the first column. In each case the values are in

p& per atom, and 1p&/atom is used in the model. The last two
rows correspond to the only possible models with paramagnetic
planes (see text) that give zero amplitude at q =1. To compare
with the observed intensities in Table I it is important to note
that for all components q )0 one shouM divide the numbers in
Table II by &3. This is because the q )0 components are ob-
served along (100), whereas the actual modulation is along
( 111), the body diagonal of the unit cell.

Spin
configuration q=0 q

—1 3 q=l

++++++00
+ + ++0++0

0
0
0
0.25
0.25
0.25
0.25
0.5
0.5
0.5
0.5
0.75
0.75
0.75

0
0
0.653
0.604
0.433
0.25
0.25
0.462
0.354
0.191
0
0.25
0.231
0.096

0
0.707
0
0.25
0.25
0.25
0.559
0.354
0
0.354
0.5
0.25
0.177
0.177

0
0
0.271
0.104
0.433
0.25
0.25
0.191
0.354
0.462
0
0.25
0.096
0.231

1

0
0
0.25
0.25
0.75
0.25
0
0.5
0
0.5
0.25
0
0

the neutron experiments (crystal 1), except the F, /2
coefficient. The configuration outlined with a dash line
has F3/4 Fi/4/2. 41. In Fig. 6(b) we then add the F,/2
term; although this is small, there is an appreciable
change in the configuration. Finally, in Fig. 6(c) we show
a possible configuration derived from the x-ray ampli-
tudes, which we shall discuss later.

We should emphasize the unusual nature of this T=O
K magnetic structure. In a number of materials [e.g. ,
CeA12, ' NpP, and NpRuzSiz (Ref. 23)] the low-
temperature magnetic structure is known not to be a
square wave. However, in all these cases at most two
magnetic components are observed in the diffraction pat-
tern, and they cannot be combined together to form a
square-wave configuration. Another example is
USbo 8Teo 2, which exhibits many properties similar to
the present compound, and has ferromagnetic and incom-
mensurate components existing together in the tempera-
ture range from 150 to 170 K. However, when many
components are found in the diffraction pattern there is a
tendency to assume that either they can be combined to-
gether with the right choice of a phase angles to make a
square wave, or that some of them arise from physically
different regions of the same sample.

The original work on the USb-ThSb solid solutions
determined that 3q antiferromagnetic structures existed
for small Th doping. These measurements were per-
formed in a large applied field. We have not repeated
such investigations; instead, as shown below, we have in-
dependent evidence to confirm the 3q nature of the anti-
ferromagnetic components.
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The x-ray experiments were per ormedormed on the X22C
beam ine at e a1' th National Synchrotron Light Source at
Brookhaven National Laboratory. Full detai s o e
beamline and experimental procedure have been given in

1 er and will not be repeated here. Forour ear ier paper an
r of 3.73 keVth studies we used an incident energy oese su '

r of the Mv(3.324 A), which corresponds to the energy o
absorption edge. s as ed A h s been well established by studies
0 U S, U2 12,f UA, ' UR Si and our own, there is a very strong
resonant enhancement of the wea - y

'
k x-ra intensity at this

energy.
All scans were performed along a ,001, direction, i.e.,

rical Bra diffraction from a flat face. In simple
resonant electron dipole theory t e in ensi i

cattering are proportional to t e quanti-
i *X '~. here e and e' denote the incident an

fina polarization of the x-ray beam, respective y, an p
represen s et the local quantization axis of the magnetic ion.
I 't' ll the synchrotron beam is almost comp e e y p
polarized (o ), but the magnetic scattertng causes a

wave vector . e ck' If th component of magnetization t at
is sensed with (001) type reAections is parallel to Q, t e

(Q=k —k'), which we know to be the
case from neutron studies, then the product k' p wi e
proportional to sinO, where O is the Bragg angle. This
angle is always grea ert than zero in diffraction, and we
therefore anticipate scattering a ongn the (00 me
representative of the magnetic modulation.

F 7 hows x-ray scans along the (OOI ) direction atigure s ow
220 and 15 K. The Neel temperature T&=190 1 K
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FIG. 6. Models of the magnetic configuration at low temper-
Th Sb. The horizontal line at 3.4pz is the max-

imum possible moment gJ for a U,~ state. n eac case w
complete magnetic repeat units are s-ow .hown. Recall that the
modulation is longitu ina, u1 d 1 b t is shown as transverse for sirn-

p ~ (licity. (a) esu o( ) R lt f combining observed neutron Fo, F, /4, an

F3/4 components and minimizing th pye entro (see text). The
d 1 t' (with a ratio of 2.41 between F&/4 and

F is shown as a broken line). (b) Result of adding t e o-F3/4 is s own a
served F&/2 component, which results in a distortion of the

) The 6+ 0, 0, structure. The x-ray intensities
(Table I) suggest a structure that is more strongly mo u a e
h th t deduced from the neutron intensities. In particular,

the models show that the moments on some sites are c
zero and approac t eh h 6+ 0 0 structure shown here. See also
the structure factors listed in Table II.
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FIG.7. X-ray scans (E=3.37 keV) alongn the 001] direction
(a) at 220 K (above Tz) and (b) at 15 K. The intensity units are
arbitrary, but the same in both (a) and (b).
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Fig. 2 and below), so that the additional peaks in the
220-K pattern apart from the very strong l=2 charge
peak must be due to nonmagnetic e6'ects. Most of these
peaks are relatively weak and can indeed be identified as
higher-order peaks due to contamination of the incident
beam, or as powder lines from the Cu sample holder, or
from the Be windows. Thus the peak at (003) arises from
A, /2 from the (006) and the peak at 1=2.667 arises from
A, /3 from (008). These peaks are eft'ectively independent
of temperature and need not be discussed further. The
lower pattern (at 15 K) shows a number of new peaks, all
of which are magnetic in origin. We have verified this
not only be examining their T dependence (see below) but
also their energy dependence. In the case of the strong
rejections appearing at or near q vectors (measured from
the charge peaks at 1=0,2, 4, etc.) of —,', —,', and —,

' we have
found a characteristic rapid decrease in intensity as the
energy is changed from 3.73 keV. Their symmetric ener-

gy dependence about the M&v energy unambiguously
identifies these peaks as arising from a modulation of the
magnetic moments rather than from a lattice modulation.

A few qualitative remarks are in order before we ana-
lyze the x-ray pattern.

(1) Our x-ray measurements are insensitive to the fer-
romagnetic component. In principle, measurements of
the ferromagnetic components is possible with x rays,
but we have not performed such type of experiment.

(2) The q-space resolution with x rays is about four
times better in our configuration than with the neutron
experiments discussed earlier.

(3) The x-ray magnetic satellite intensity from the same
crystal for the U M,v resonance is much stronger (in
counts per second) than is possible with any neutron
source.

(4) We cannot (yet) relate resonant intensities to the
values of the magnetic moments.
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FIG. 8. Intensity (E=3.73 keV) as a function of temperature
over the region 1=2.40—2.52, corresponding to q =0.40—0.52.

Thus the precise extent of the resonant enhancement of
the nonresonant signal (this latter is related directly to
the spin and orbital magnetization densities) depends on a
number of factors, including matrix elements, core-hole
life times, and the precise electronic ground state of the
magnetic ion. Furthermore, from an experimental point
of view, the data must be corrected for absorption, which
is a difficult problem. Many of these aspects are dis-
cussed in our earlier work. The result is that, whereas
for a given compound the resonant enhancement is pro-
portional to the magnetic moment (e.g. , the T depen-
dence of the moment may be accurately measured), the
value of this proportionality constant is unknown.

We show scans taken in the high-temperature regime
in Fig. 8. This and other experiments establish
T&=190(3) K, in good agreement with Figs. 1 —3. The
growth of the incommensurate phase is also shown clear-
ly in this figure, as well as its change with T and the
growth of the q= —,

' component. Although the peaks in
the incommensurate phase are asymmetric (this is also
true in the neutron experiments) we have attempted to
extract a value for q;„, by locating the centroid of the
peak from the incommensurate phase. Figure 9 shows

0 I460 I I I I I I I I I
I

I I I I I I I I 1
I

I
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o.44o — j
0.430—

0.420—

0.410— neutrons

X rays

Q 40Q I I I I ~ I I

120 140 160

T(K)

180 200

FIG. 9. Temperature dependence of incommensurate
wavevector (q;„,) as measured by both neutrons and synchro-
tron x rays on crystal 1.
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q,„, vs T from both neutrons Ialready presented in Fig.
5(c)] and x rays on the same crystal. There is a diff'erence
between these, which we consider to be significant and
which we shall discuss further below.

We now turn to the T dependence of the q =
—,', —,

' and
incommensurate components, which are shown in Fig.
10. In complete agreement with the neutron work (Fig.
4), we show the sudden appearance of the q =—' (and

q =—' which is not shown in Fig. 10) below —145 K. At
low temperature we have integrated the intensities of the
various satellites, corrected for the Lorentz factor, and
the term k' p discussed above in connection with the
cross section. We stress that we cannot obtain absolute
intensities, in Bohr magnetons, as possible in the neutron
case. To discuss the relative magnitudes, we have nor-
malized to the Fourier component of the q =

—,
' satellite

F»4, as measured by neutrons. These values are given in
Table I. There are two points of interest. First, the ratio
of F]/4 to F3/4 is the same within the experimental uncer-
tainties as found by neutrons; second the q= —,

' com-
ponent F&/2 is considerably stronger in the x-ray case.
(The peak intensities shown in Fig. 7 are not reliable, as
this was obtained when the He pressure in the beam
path was varying. The integrated intensities as shown in
Fig. 10 were obtained with an improved configuration
and are reliable. ) Clearly, the modulation is diferent as
observed by x rays. Since the absorption of x rays on res-
onance is of order 25000 cm ' the penetration of these x

0
rays is about 0.4 pm (4000 A), whereas the neutrons are a
bulk probe. The x rays therefore are probing the "near-
surface" behavior. It is perhaps not surprising that with
such a complex magnetic structure, changes occur near
the surface; particularly in view of the well-known reac-
tivity of these samples and the probable oxide overlayer.

To model the magnetic structure of this near-surface
region as probed by the x rays we have to increase the im-

portance of the F, /2 component with respect to the other
two antiferromagnetic components. The result, again as-
suming the same entropy argument as used earlier, is that
the small moments in Fig. 6(b) are further reduced, giving
a structure which is close to the 6+,0,0, structure illus-
trated in Fig. 6(c). It is interesting that this bears a close
resemblance to the models including paramagnetic planes
proposed for Ce monopnictides. '

Al/ the magnetic peaks are wider than the lattice peaks
in the longitudinal direction. This means that the spatial
coherence of the magnetic structure along the propaga-
ting direction is finite. Similar remarks were made in the
case of the x-ray study of the near-surface structure of
URu2Si2. To obtain a measure of the magnetic correla-
tions we assume that the resolution is given by the lattice
peaks. We then deconvolute the observed magnetic
peaks with this resolution function to obtain an intrinsic
width. Following diffraction theory, and assuming that
the broadening function is a Lorentzian, we may equate
the mean correlation length g in real space to I/a, where
2a. is the full width at half maximum (FWHM) of the
Lorentzian function in reciprocal space. For the q= —,

'

component we find g-300 A at 15 K, decreasing to
—100 A at 140 K. The coherence length for the q= —,

'
component is shorter at all temperatures than the —' com-

0 0 4

ponent, —120 A at 15 K, and only —80 A at 140 K. The
q =

—,
' component is more complicated (see Fig. 8) because

the peak shape is always asymmetric. Thus, a similar
analysis has not been made.

A. X-ray: lattice behavior

We shall now turn our attention to the lattice behavior
as a function of temperature. For these results the x-ray
energy was increased to 8 keV and a Ge (111) analyzer
was used to improve the resolution. The (100) d- space
(d,oo) is shown in Fig. 11(aj as a function of T. No
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FIG. 10. Temperature dependence of the x-ray integrated in-

tensity of the three major components of the magnetic structure.
A the 4+,4—component giving peaks at q = —' and —'. B is the

2+, 2 —component giving a peak at q =
—,', and C is the incom-

mensurate component (in this case the sum of intensities from

q =0.42 to 0.46). The broken lines are guides to the eye.

FICx. 11. Results from x-ray experiments obtained by exam-
ining the (002) and (004) lattice peaks [E= g keV and a Cue (111)
analyzer]. (a) (100) d spacing, d, oo. (b) Fractional longitudinal
widths Al/l. o (002), + (004). The estimated error in these
determinations is +0.3 X 10,as shown by the error bars.



8642 J. A. PAIXAO et al. 47

anomaly is seen at T& (190 K), but an expansion of the d
space and an anomaly of b,d/d=2. 3(2)X10 is ob-
served at lower temperature. Referring to Figs. 4 and 10
it is clear that the expansion of d &DO is associated with the
appearance of the q =0 and q =—„' and 4 components. We
have also monitored both the longitudinal (b, l ) and trans-
verse (b,8) width of the rellections (002) and (004). As
shown in Fig. 11(b) the longitudinal width is independent
of temperature, except for a possible small excursion near
—150 K. Both in the 3q state 145 & T & 190 K and in the
paramagnetic state T & 190 K this quantity d &oo is the
lattice parameter. Below 145 K in the ferromagnetic
state d &oo represents a d space at an angle of 54.7' to the
unique ( 111) axis.

The experiments at 8 keV have considerable impor-
tance for understanding the magnetic behavior. One of
the interesting questions here is whether the components
q =

—,
' and q =

4 exist simultaneously in one crystal
volume, or whether separate volumes contain either q =

—,
'

or q= —,
' components. The magnetic diffraction experi-

ments with either neutrons or x rays are ambiguous on
this point.

Assume that each crystallite in the sample belongs to
one or other of the two phases 2 (q =0, —', and —,

'
) or 8

(q =
—,'), the choice depending on the local thorium con-

centration. This is the two-phase model. Since the mag-
netic moment is independent of Th concentration for
x &0.30 in UI Th Sb, we expect comparable scatter-
ing intensities from similar volumes. However, the
scattering from the q =

—,
' component is weaker than that

from the other components as seen in both the neutron-
and x-ray-diffraction experiments. Within the two-phase
model, this must mean that the volumes are unequal; in
fact we can estimate Vz/V~ -0.25 from the observed
magnetic intensities (changing this ratio by +30% does
not affect the conclusions). The 8 component is already
ordered at 170 K, so the d ~oo spacing for this B phase d~
should contract without any anomaly between 170 and
120 K. The 2 phase, on the other hand, orders at —150
K. At this temperature there is a discontinuity [Fig.
11(a)] in the observed d, oo of magnitude given by
Ad/d=2. 3(2) X 10, which we assume is associated
with the 3 phase. Thus, d~ is assumed to change at the
ferromagnetic ordering temperature. The question is
whether our experiments measuring the longitudinal
width [Fig. 11(b)] would be sensitive to the existence of
two phases having d, oo spacings differing by a small
quantity @ =2(dz —dB )/(dz +dpi ), where the volume ra-
tios of A and B are given by Vz /Vz -0.25.

The experimental data are well represented by
Lorentzians with full width at half maximum 2I . From
Fig. 11(b) in which b, l is the full width at half maximum
we see that 1 (002)=6.2X10 r.l.u. (reciprocal lattice
units) above 170 K. This value is kept fixed. We then
performed simulations of the diffraction profile by super-
posing two profiles (their integrated intensities being in
proportion to the volume ratio Vz /Vz ) with steadily in-
creasing separation of dz and dz, i.e., increasing e. Two
such resultant curves are shown in Fig. 12. Since I is
fixed, it is convenient to consider the parameter e/I .
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FIG. 12. Simulated profiles for the expected diffraction
profiles in the two-phase model. Solid points are with d& =d&,
i.e., @=0,whereas the open points correspond to e/I =0.8. See
text for details.

The solid points have @=0, i.e., there is no difference be-
tween d ~ and dz, whereas the open points have
e/I =0.8. In this latter case the peak shape is clearly de-
formed from a pure Lorentzian, and has a substantially
larger half width at half maximum (HWHM) than the
curve traced out by the solid points. By performing
different simulations of this type, and measuring the
HWHM, we can construct the expected variation as a
function of e/r. The result is shown. 'n Fig. 13.

The remarkable aspect of the longitudinal scans is that,
apart from a possible small excursion near the transition

8xlo I I
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FIG-. 13. Calculated variation of HWHM (half width at half
maximum) as a function of e/I, as defined in the text. The
upper limit (dashed line) of a —10% change in HWHM as mea-
sured in Fig. 11(b) is used to define the maximum possible sepa-
ration of two discrete d spacings d~ and dz in the proposed
two-phase model.
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at 150 K, the longitudinal widths [Fig. 11(b)] remain con
stant as a function of temperature. In particular I ob-
served for T & 150 K is less than 6.8X10 r.l.u. ; see Fig.
11(b). This corresponds to a maximum possible increase
in the measured HWHM of —10%. For such an in-
crease, the corresponding maximum value of e/I may be
obtained as 0.4 from Fig. 13. Thus e,„&0.4XI, or
e „&2.5X10 . How does this relate to the observed
differences between d~ and ds? Figure 11(a) shows that
the observed value of d z changes by the fractional
amount of 2.3(2)X10 at 150 K. Because the two-
phase model assumes no relation between d~ and dz, the
difference between them would be expected to continue to
increase down to 120 K, reaching a value of e-4X 10
But this value is greater than the value of e,„derived
above by analyzing the diffraction profiles.

The above argument appears to lead to the elimination
of the two-phase model, and we conclude that al the mag-
netic components coexist in ihe same volume. This con-
clusion is based on an analysis of the charge scattering. It
should be remembered, however, that in the near-surface
region probed by our x-ray experiments, the lattice coher-
ence length into the material gL (as measured by the
widths of the peaks) is very long, gl )2000 A. On the
other hand, as we have seen earlier, the magnetic coher-
ence length (M has a maximum of about 300 A. Thus,
over a distance where the lattice is essentially perfect, one
could still imagine the possibility of a number of different
magnetic domains, perhaps containing different ordering
wave vectors. Some variation of the two-phase model
could therefore still exist. This illustrates the difhculty in
drawing conclusions about the near-surface region of the
crystal when the magnetic ordering, even at low tempera-
ture, does not appear to be truly "long range. "

We have also examined the diffraction profiles them-
selves, not simply the HWHM I . Some asymmetry is
seen in the wings of the (004) at lower temperature, but
not in those of (002). Because b, l ll is the same for both
of these, we would expect similar effects in both
reflections even though the (004) is more sensitive to
changes in d, oo In brief, we believe these small changes
in the l scans arise from coupling through the resolution
function with transverse (rocking) scans. As discussed
below, these exhibit very considerable broadening on
passing through the ferromagnetic transition.

B. Lattice structure

The onset of the q =0 ferromagnetic ( 111) component
(Figs. 3 and 4) at 145 K will result in a rhombohedral dis-
tortion of the unit cell. We have not measured this dis-
tortion; it is too small to see in our neutron experiments
and our x-ray experiments were confined to (00l) planes,
which are not sensitive to a rhombohedral distortion.
(However, see Sec. IV for indirect evidence of this macro-
scopic distortion in the neutron experiments. ) We antici-
pate a value of —10 in terms of the strain' ' based
on other ferromagnetic actinide NaCl-structure materi-
als. On the other hand, we have emphasized that the an-
tiferromagnetic components propagate along ( 100) and

C)

O
C3

(a)
(002)4

0 0pe3 o ~ o
cP
0

2 o ~ ~p 0
~ 0

poo ~ ~ op

O
~~&~++~k&oeeee I

OO ~e eeedaii~ggw
14.2 14.3 14.4 14.5 14.6

THETA (deg)
14.7

O

~ 1.8

~~ 1.2
0

pe o
o e o

0

(004)

cP
~

0.6 0 ~

pppoooo ~
7kMEQ ~SS4000e4

29.75 29.90
THETA

0
p
o0e

~ poooooopI Saa aaa a QGk

30.05
(deg)

30.20

FIC'r. 14. Experimental x-ray rocking curves of (a) (002) and
(b) (004) reflections at 180 and 120 K. The scale corresponds to
the 180-K data (squares) in both cases. The 120-K data (open
circles) has been normalized so that the peak coincides in height
and position with the 180-K data. The integrated intensities do
not change as a function of temperature.

couple to the ferromagnetic (111) component by virtue
of the 3q nature of the antiferromagnetic (AF) structure.
The rhombohedral angle would then change from 90' to
—89.6'. lf the AF components were strictly single q then
they would couple to the lattice causing a tetragonal dis-
tortion, which would be observable at (00l ); see, for ex-
ample, the work on NpAs which has the 4+,4 —single-q
structure. Quite independent of the rhombohedral dis-
tortion, it is therefore of interest to examine the (00l)
planes; the fact that Fig. 11(b) indicates no change in the
longitudinal width is direct confirmation of the 3q nature
of the AF component.

In addition to the longitudinal scans summarized in
Fig. 11 we have also performed transverse (rocking)
scans. A very substantial change occurs in the shape of
the peaks, both in the FWHM and in the wings of the
peaks. The integrated intensity of the peaks does not
change as a function of temperature, but the width does.
To illustrate this we show transverse scans taken with the
high-resolution configuration (8 keV, Ge analyzer) for
both the (002) and (004) Bragg rejections in Fig. 14 for
temperatures above and below T&. We emphasize that
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0.10—

(002)

Uo.8sThous Sb
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the peaks have been normalized to give the same peak in-
tensity; in reality the integrated intensity remains con-
stant so that when the peak becomes broader the peak
height decreases. The temperature dependence of the
FWHM is shown in Fig. 15.

The rhombohedral distortion that occurs at —145 K
certainly introduces strain into the lattice, and the physi-
cal movement of the ferromagnetic domains could be ob-
served as an increase in the mosaic distribution. This
should give rise to an increase in the FWHM of the rock-
ing curves (Fig. 15) that is independent of diffraction or-
der. Such is not the case. It is not possible to measure
such curves for the main magnetic component (q = —,

'
) be-

cause it disappears (Figs. 4 and 10) at 145 K, but we have
examined the q =

—,
' component as a function of tempera-

ture, and it remains constant with a width approximately
the same as the (002) at low temperature (this must be
done at 3.73 keV; in this configuration the resolution is-
not as good as in Fig. 15).

Changes in the shape of the diffraction profiles are, of
course, phenomena that have been studied extensively in
the past. The two principal causes of changes in the
diffraction profile are caused by changes in the volume of
the diffracting region, or by changes in the relative orien-
tation of the diffracting crystallites with respect to each
other, or both. These effects can be separated by observ-
ing the diffraction profiles as a function of diffraction or-
der. Changes in the orientation are independent of the
diffraction order, whereas size effects depend on the
momentum transfer, and should increase with increasing
momentum transfer. Our results (Fig. 15) do not fit into
either of these cases. Rather, the (002) is broadened by
-50% more than the (004) refiection. The combined evi-
dence of these widths suggests a more subtle interpreta-
tion involving the volume of the ferromagnetic domains
probed by the different Bragg geometries. Interpreting
the broadening shown in Fig. 15 as a coherence length

(similar to the earlier discussion on the magnetic peaks)
we find that for the (002) refiection g-1000 A and for the
(004) refiection g-2000 A. Since the absorption of urani-
um at 8 keV is —12000 cm ' and the Bragg angles for
(002) and (004) are 14.5' and 30', respectively, the
penetration depths for these two reflections are -0.2 pm
(2000 A) for the (002) and about double this for the (004).
Because the (002) reflection is thus more surface sensitive,
we suggest that the ferromagnetic domains at the surface
are smaller than those in the bulk, presumably due to the
increased relaxation possible at the surface and/or due to
the penetration of the oxide overlayer into the bulk of the
crystal.

VII. SUMMARY

That the U-based so1id solutions of NaC1 type have
complex magnetic structures is well established, see, for
example, the work of Kuznietz et al. on the UP-US solid
solution. ' We have not performed this study simply to
show that the phase diagram of USb-ThSb has some ad-
ditional complications. Clearly, our samples of nominal-
ly x =0.15 are slightly different from those prepared pre-
viously. That is not the issue here; instead we illustrate
in this study the additional information that is available
with resonance magnetic scattering using synchrotron
x rays. The complementarity of the three techniques em-
ployed is well illustrated. The important points are as
follows:

(1) The magnetic structure, although dominated by a
ferromagnetic component, is not a square wave at low
temperature. Possible models are shown in Fig. 6. In-
terestingly, the near-surface structure ( ( 1 pm) as probed
by x rays has a slightly different configuration.

(2) The high q-space resolution available with the
x rays (resolution of 0.001 r.l.u. with 8-keV photons, see
Fig. 11) has allowed two interesting points to be exam-
ined: (a) The simple idea that the components may exist
in two distinctly different volumes can probably be elim-
inated, (b) in the low-temperature phase (T (145 K) we
find that the broadening of the lattice peaks suggests that
the ferromagnetic domains near the surface are smaller
than those in the bulk.

0.08—
D)

N
0.06—

~ 0.04—

~ 0.02-

too~)

The two latter effects are both related to the near-
surface region and its magnetic ordering. Since few stud-
ies of this sort have been reported, we are reluctant to
draw firm conclusions. An earlier study of the onset of
long-range order in Mno 75Znoz5Fz already drew atten-
tion to the startling differences that can be seen in the
same crystal when using neutron and x-ray scattering,
and we hope our work encourages other studies, especial-
ly those using the strong U resonance.
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