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Magnetic Phase Diagram of the UAs-US System
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The magnetic phase diagram of the UAs~ „S„system (0 —x —1) has been investigated by neu-
tron diffraction with powder samples. The solid solutions are face-centered cubic (NaCl crys-
tal structure), and the anion atoms are distributed randomly over the anion sublattice. For
x =0 (UAs), the type-I antiferromagnetic ordering (TN =127 K), consisting of ferromagnetic
sheets stacked + —+-, changes at 0.5T& to the type-IA ordering, in which the sheets are
stacked ++-—.This transition is accompanied by an abrupt increase in the magnetic moment
from 1.9 to 2. 2p~ per uranium atom. As x increases from zero, the stability of the type-IA
structure increases until for x = 0.20 this phase is present at all temperatures below Tz. For
x between 0. 25 and 0. 34 the magnetic moments are not arranged in a simple commensurate
structure, but their modulation from layer to layer follows a sinusoidal form. Near Tz, a
single harmonic is present: The repeat distance in real space varies from - 2. 8 unit cells at
x =0.25 to - 4. 2 unit cells at x=0.34. A third harmonic, implying some squaring of the sine
wave, appears at about 0.5T~. The periodicity is a function of concentration (x) only and does
not vary with temperature for a given sample. Although at the ends of this intermediate range
the stable phases at low temperature tend to be either type IA (low x) or ferromagnetic (high x),
the longitudinal-wave structure is stable to at least 2. 2 K over a narrow composition range.

I. INTRODUCTION

The difficulties in understanding the magnetism
of the 5f (actinide) series are increased by the
absence of any spontaneous magnetism in the first
three elements, uranium, neptunium, and plutoni-
um. However, many compounds of these elements
are magnetically ordered, and one of the simplest
groups is the monopnictides and monochalcogenides
[i.e. , one-to-one compounds with elements of
group VA (phosphorus, arsenic) and group VIA
(sulfur, selenium), respectivelyj that have the NaCl
crystal structure. Much of the work on the urani-
um compounds has been reviewed, ' but an under-
standing of the magnetic behavior is far less com-
plete than that presented in even the early studies
on analogous lanthanide compounds. For the most
part these complexities may be attributed to the
large crystal fields and exchange interactions in
the actinide compounds. In the octahedral field ap-
plicable to the UX-type compounds, the fourth-or-
der crystal field potential is at least an order of
magnitude greater than in the comparable lantha-
nide compounds. The spin-orbit coupling is of com-
parable energy, leading to the consideration of in-
termediate coupling schemes, with all the con-
comitant complications. The magnetic ordering
temperatures in these compounds are usually above
100 K, but in the LnX compounds seldom exceed
30 K. The exchange interactions are therefore
larger in the actinide series, but their precise
magnitude remains a speculative matter. Addi-
tional evidence that the exchange mechanism is long
range and of the Ruderman-Kittel-Kasuya —Yosida
(RKKY) type has been implied from the neutron in-

vestigation of the UP-US solid solutions, ' in which

magnetic structures were found with periodicities
that extended over several unit cells. In many
cases compounds form solid solutions with each
other, with the anion (or cation) distributed ran-
domly over the respective sublattice. In the case
of uranium compounds, U VA are antiferromagnet-
ic, whereas U VIA are ferromagnetic, so that the
solid solutions make excellent systems for studying
the competing ferro- and antiferromagnetic ex-
change interactions. Numerous papers have been
published on the UP-US system covering the neu-

tron, ' NMR, ' and x-ray work. In the present
neutron-diffraction study we have examined the
UAs-US solid solutions. UAs, like UP, is anti-
ferromagnetic and forms a complete range of solid
solutions with US, which is ferromagnetic. Studies
of UAs " indicate that at low temperatures it has
the type-IA ordering, and its behavior is there-
fore similar to low-sulfur-concentration compounds
in the UP-US system, e. g. , UPO 92S0 08. Strong
similarities between the two systems should exist,
leading to a better explanation of the magnetic
properties in terms of electron concentration.

II. EXPERIMENTAL

As described by Baskin, ' UAs was prepared by

reacting powdered uranium with AsH3 at 300 'C.
The resulting UAs2, which is pyrophoric, was
reduced at 1400 C to obtain UAs. The major con-
taminant was UO2, and both x-ray and neutron pat-
terns indicated that small amounts (-2/q) of UOz

were present in the early batches of UAs. No

other impurities were detected by x-ray, neutron,
or chemical analysis. In the later batches of UAs
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FIG. 1. Coherent scattering amplitude of the (As, S)
site in the NaCl crystal structure relative to that of
uranium (bU=0. 85x10 ' cm).

the UO2 contamination was reduced; experiments
have shown that the magnetic phase diagram is in-
sensitive to this impurity. The compounds were
prepared by weighing the correct proportions of
UAs with high-purity US prepared previously in
this laboratory, ball-milling for 16 h, and press-
ing the pellets in a 0. 4-in. -diam steel die under
40000 psi. No binder was necessary. The pellets
were then fired at 1600'C for 3 h. The lattice
parameters, as determined from x-ray powder
patterns, follow closely the results given by Bas-
kin. ' The values for UAs and US are 5. V79 and
5. 490 A, respectively. Inasmuch as UP has a lat-
tice parameter of 5. 589 A, the uranium-to-urani-
um distance (a/W2) is 3% greater in UAs than in

UP. In the UP-US solid solutions, the lattice pa-
rameters depart slightly from linearity across the
composition range, and the same is true of the
UAs-US system.

Sample homogeneity in these solid solutions has
been a matter of some discussion. In analysis of
the linewidths in both x-ray and NMR experiments
on the UP-US system, the variations in homoge-
neity were of the order of +5% of the smaller anion
concentration. In the UAs-US system a similar
situation exists. Thus at a nominal sulfur con-
centration of xo, using the notation UAs& „S„for
the solid solutions, a large polycrystalline sample
will, in fact, be more truly represented by a
Gaussian distribution centered on xo, and with the
95% confidence level that includes xo+0. 05xo. The
magnetic properties will be affected by this distri-
bution of concentrations. In particular, phase
transitions, which would appear at a definite tem-
perature if a uniform concentration were present,
will occur over a temperature range. However,
apart from these small variations in concentration,
the anion atoms are distributed randomly over
their sublattice. Experimental evidence for this
is shown in Fig. 1, in which the anion scattering

length (relative to b „=0. 85) is plotted against the
nominal sulfur concentration x. The straight line
is the least-squares fit that gives b = 0. 658 + 0. 005
at x = 0 (i. e. , b „,), and b = 0. 2V V + 0. 016 at x = 1

(i. e. , b, ). The published values are b„,= 0. 64
+0. 01 and b, = 0. 284V+0. 0001." (All scattering
lengths are in units of 10 '~ cm. )

The neutron experiments were performed with
a standard two-circle powder diffractometer. A
monochromatic beam of X= 1.218-A neutrons was
obtained with the (111)reflection from a germanium
crystal. Second-order contamination, ideally ab-
sent for this reflection, was eliminated by rotating
the monochromating crystal to avoid positions of
multiple scattering. Soller collimation, both be-
fore and after the sample, gave diffraction peaks
with full width at half-maximum (FWHM) of 0. 62'
over the angular region of interest, 15 to 30 in
28. The samples were contained in helium-filled

~ -in. -diam vanadium capsules, approximately 1. 5
in. long. The exchange-gas Janis cryostat pro-
vided temperature control between 2. 5 and 320 K.
Temperature was measured with calibrated re-
sistors composed of platinum for above 30 K and
of germanium for below.

The magnetic form factor of uranium is of in-
terest in any discussion of the electronic struc-
ture, but the present experiments have essentially
been restricted to low-angle reflections, and pre-
viously reported values have been used.

A. Compositions 0 ~&x & 0.20

In this region, f ive samples with x = 0. 0, 0. 03,
0. 08, 0. 13, and 0. 20 have been examined. For
UAs (x= 0), neutron experiments9'" have es-
tablished that (i) T„= 127 K; (ii) the moments at
V8 and 4 K are 1.93 and 2. 20 (each + 0. 05) ps,
respectively; and (iii) at 66 +1 K, the type-I
magnetic structure transforms to the type-IA
structure, which is then stable at low tempera-
tures. In the type-IA structure, ferromagnetic
(001) sheets are directed along the c axis in the
sequence ++- —, rather than in the simple alter-
nating sequence + -+ -, which forms the type-I
structure found in UP and other NaCL-type urani-
um compounds. Our own experiments on UAs are
in excellent agreement with the previous work; but,
in addition, we note that the magnitude of the mag-
netic moment changes abruptly at the type-I-
type-IA transition, which is illustrated in Fig. 2.
Between 85 and VO K (at 70 K, T/T„= 0. 55), the
moment per uranium atom is essentially constant
at 1.92'.~, but after the full development of the
type-IA structure the moment is 2. 24', ~, and re-
mains unchanged on cooling to 5 K. The transition
temperature is estimated at 63+2 K, compared
with 66+1 K in Ref. 11. The increase in moment
in UAs may be also derived from Fig. 1 of Ref.
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11. In comparison with the (110) reflection (type
I) the product of the Lorentz factor, magnetic in-
teraction vector, and form factor is decreased (by
—23%) for the first magnetic reflection of type IA.
Hence for equal intensities —as this figure il-
lustrates-the moment per uranium atom must be
increased. The nature of the transition in UAs is
of considerable interest. In UP both neutron'
and NMR" measurements show that the "moment
jump" at 22 K occurs over a narrow temperature
range. Long and %'ang' have proposed that this
first-order transition results from crossings of
the crystal-field levels when the Hamiltonian con-
tains electric-quadrupole interactions that arise
both from the large unquenched orbital moments
and from the usual molecular-field terms. A sim-
ilar situation may occur in UAs, except that this
transition also involves a change in the magnetic
ordering. No critical scattering was observed at
the type-I-type-IA transition, as opposed to the
large amount observed at the Neel temperature,
which suggests that the low-temperature transi-
tion is of first order. On the other hand, the type-
I-type-IA transition occurs over a relatively wide
temperature range (Fig. 2) and, in the case of
stoichiometric UAs, this cannot be ascribed to
sample inhomogeneity. Experimentally, a tran-
sition width of 2-3 deg could be ascribed to tem-
perature differences across the large (-15 g) poly-
crystalline sample. However, no appreciable
thermal hysteresis was detected at the Neel tem-
perature (12V K), and the hysteresis of the tran-
sition from type-I to type-IA illustrated in Fig. 2
is therefore unlikely to arise wholly from experi-

FIG. 2. Boot-mean-square (rms) magnetic moment

per uranium atom in UAs in the temperature range 45-
VG K. Open circles indicate that both the type-I and

type-IA magnetic structures were observed. The rms
moment, i.e. , p=(pr+prz)~, lies in the region 1.92-
2. 24p& when both phases are present. However, the
local moment per uranium atom is probably either 1.92@~,
if the structure is type I, or 2.24', if it is type IA.

mental effects.
For x= 0. 03 the Nee1. temperature remains the

same as in UAs, but the transition from the type-
I to the type-IA magnetic structure occurs at 81 K,
18 K higher than in UAs. As in UAs, the transi-
tion extends over -10 K. For x= 0. 08 the type-I-
type-IA transition occurs above 100 K, and for
x= 0. 13 the transition is almost synonymous with
the Neel temperature. The x= 0. 20 sample has a
single magnetic structure (type IA) present at all
temperatures below the Neel temperature of 115
+2 K. The ordered moments at 5 K in this region
gradually decrease with an increase in sulfur con-
tent. For x = 0. 20, the ordered moment at 5 K is
(2. 03 +0. 05) p&& per uranium ate, m.

The 0:x~ 0. 20 regions may be summarized as
follows (see Table I). The Neel temperatures and
maximum ordered moments decrease by a small
amount ( 10%) when diluted with 20% sulfur. The
transition temperature from type I to type IA rises
rapidly with increasing x, indicating the increas-
ing stability of the type-IA magnetic structure. A
similar situation exists in both the UP-US and
Uhs-USe system. "

8. Compositions O.Z5 ~& ~ ~& Q.34

In this region, samples with x = 0. 25, 0. 29, 0. 30,
0. 32, and 0. 34 have been examined. Neutron-dif-
fraction experiments on UPO»So» showed the pres-
ence of a long-range structure consisting of ferro-
magnetic layers of spins stacked in the sequence
5+, 4—, 5+, 4-, etc. This structure, and even
more complex ones, may be viewed as a modula-
tion of the magnetic moment along the c axis; the
z component of the magnetic moment on the jth atom
is described by

Q (A e&&&n+&&n & gy -&& &n+nn &'&

I
n=o

where &t&„= 2&»&7' z~, and 5„ is an arbitrary phase an-
gle. The propagation direction is defined by v, and
the periodicity of the modulation is I/T. For every
component of the modulation two satellites are
present, situated at +nv and designated as hkE +nv
from the nuclear reflections. The intensity of a
particular satellite pair is proportional to the prod-
uct of the coefficients A. „A„*. No information of the
phase angles 5„can be obtained with diffraction
techniques. The simplest structure of this type has
a single component and is the ordering found in
chromium metal. In K&I. (1), the z axis has been
chosen as the propagation direction of the modula-
tion for simplicity. The magnetic moments sub-
tend an angle P with the propagation direction. In
the special cases of P= 90 or 0, the wave struc-
ture is described as transverse or longitudinal, re-
spectively. In chromium, in which both types
exist, the longitudinal wave (LW) is the stable
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structure at low temperatures. In the rare-earth
metals thulium ' and erbium, the LW is found

near the Noel temperature, but at lower tempera-
tures the LW is unstable. A consideration of these
wave modulations shows that, except in the special
cases of square-wave profiles, the magnitudes of
the ordered moments differ from atom to atom i.n

the lattice. In certain cases particular atoms in the
series may have small, or even zero, ordered mo-
ments. To achieve a perfect square wave, in which
the magnitudes of all ordered moments are identi-
cal, the periodicity of the structure must attain a
value n/I, where n and m are integers. Thus, for
thulium, the low-temperature commensurate struc-
ture has a periodicity of 2, and for the 5+, 4-
structure in UPD 7& Sp 25 the periodicity is ~. The
amplitudes of the harmonics observed in the diffrac-
tion pattern are related to the sequence of mo-
ments of which the square wave is composed. (See,
for example, Table II of Ref. 4. )

For the samples where x is between 0. 25 and

0. 34, the diffraction patterns just below the Neel
temperature consist of two magnetic satellites,
which may be indexed as heal', around each nuclear
Bragg reflection. The arrangement of magnetic
moments is therefore described by a single compo-
nent, i. e. , a simple sinusoidal modulation. The
absence of satellites around the origin of reciprocal
space, i. e. , no 000' reflections, implies that the
magnetic moments are parallel to the propagation
vector. The structure is therefore an LW speci-
fied completely by the amplitude of the modulation,
the propagation direction (c axis), and the wave
vector (~, in units of I/c). In the case of the x
= 0. 25 sample, the diffraction patterns just below
T„(115K) indicate that some of the sample (-25/q)
has the type-IA structure rather than the LW or-
dering. The situation is analogous to that found in
the UP-US system, in which two magnetic phases
appeared to coexist. As mentioned above, this
may, at least in part, be ascribed to sample in-
homogeneity. At 90 K the LW modulation disap-
pears, and the whole sample exhibits the type-IA
ordering. Specifying the amount of the sample that
exhibits a particular magnetic phase depends on
knowing the magnitude of the moment per uranium
atom, and these amounts are only approximate.
However, the wave vector of the LW structure is
determined by the separation of the (111) ' reflec-
tion from the (111)nuclear reflection and can be
measured accurately. For x= 0. 25, the magnitude
of the wave vector is (0. 36+0. 01)c*. No variation
of the wave vector with temperature was observed
over the range V0-115 K, in which the LW exists.
As x increases to 0. 29 and 0. 30, the LW is the
dominant magnetic phase, although the strongest
line of the type-IA structure is still just visible at
low temperatures in both samples. The wave vec-
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FIG. 3. Neutron-diffraction patterns of Uhso 688o 32

as a function of temperature. The intensity scale has
been shifted vertically by one division for each step in
temperature. The position of the first satellite for
the LW phase (~=0. 285c*) is given by (11I) ', and of the
third satellite by (111) ~.

tor of the LW decreases with an increase in sulfur
concentration. For x= 0. 32, the sample exhibits a
single magnetic phase at all temperatures betmeen
T„(108*2K) and 2. 2 K. For x= 0. 34, a ferromag-
netic contribution is observed below 80 K, and this
LW magnetic structure has the smallest wave vec-
tor of (0. 24+ 0. 01)c*. The diffraction patterns for
all the LW phases are essentially the same, ex-
cept for variations in the wave vector, and we shall
describe the details only for the x= 0. 32 sample,
which has the additional advantage of exhibiting a
single magnetic phase. Figure 3 shoms the experi-
mental data for the angular region before the first
nuclear reflection for a wide range of temperatures.
As the sample is cooled, the critical scattering as-
sociated with the second-order transition at the
Neel temperature increases. The Neel tempera-

ture is 108~2 K. At -65 K, an additional satellite
is observed on the low-angle side of the (111) ', and
may be indexed as (111)

An analysis of the linewidth of the (111}' satellite
reflections indicates that the FWHM is 0. V2

+0. 03 . This reflection occurs at 26)= 19.VV'.
The intrinsic peak shape, as determined from
nuclear reflections, has a FWHM of 0. 62+0. 02
between 28 values of 17 and 23'. The question
then arises as to whether this 16/~ broadening can
be due to sample inhomogeneity. Based on pre-
vious estimates, we can expect that for
UAso 68SO 32 the variation in sulfur concentration
mill be represented by x + 0. 05x, i. e. , 0. 32
+ 0, 016. For x = 0. 32, i = (0. 285 + 0. 008)c* and
the variation of 7 over the LW phase is given ap-
proximately by dT/dx= —~—. The wave vector
should be represented by 7. = 0. 285'~ with a
spread 67 of +0. 021c*. We have therefore con-
voluted such a Gaussian distribution describing
the wave vector with the instrumental resolution
function, which gives an FWHM of 0. 62, to de-
termine the effect of sample inhomogeneity on the
(111) ' satellite reflection. For this value of h~,
however, the change in the peak shape is neg-
ligible. To obtain the observed FWHM by this
method, 67 must be increased to 0. 15'~, which
implies a sulfur variation of 0. 12. Such a value
is approximately eight times larger than the orig-
inal estimate and is inconsistent mith the sharp-
ness of the high-angle x-ray lines. An alternative
explanation of the difference between the mag-
netic and nuclear linewidths is to suppose that the
degree of long-range order in the magnetic sys-
tem is not as good as in the atomic lattice, which
gives rise to the nuclear reflections. The LW
modulation is therefore only coherent over rela-
tively short lengths in the material.

The wave vector of the LW phase in UAso 68SO 32
is (0. 285+0. 008)c*, and is independent of tem-
perature (Fig. 3). At 5 K the amplitudes of the
first and third harmonics are 2. 20 and 0. VVp, &

per uranium atom, respectively. The observed
and calculated intensities are given in Table II.
For this sample, the wave vector is indistinguish-
able from a commensurate structure with a wave
vector of 7 = 0. 2857'*. Of course the wave vec-
tor is best determined if we can measure reflec-
tions such as (111) that are well separated from
their fundamental peak. Unfortunately, as Table
II shows, the loss of sensitivity, primarily due to
geometric factors in the powder technique, results
in intensities too small to be observed. Whether
the structure really becomes commensurate is of
some importance and worth further consideration.
First, we note that if 7 =~the second and fifth
harmonics coincide in the diffraction pattern.
[For example, the (111)~ and (111)" correspond
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TABLE O. Observed and calculated intensities for UAsp 88Sp 32 at 5 K. Scattering lengths are bU =0. 85, bA, =0.658,
and bs ——0.285 (in units of 10 ' cm); magnetic moments are 2.20 ps/U atom for the first harmonic and 0. 77ps/U atom
for the third harmonic; q is the square of the magnetic interaction vector, f the magnetic form factor, and j the multi-
plicity.

Ski

(111)-'
(111) 1

(111)
(111)'
(200)
(200)"
(2oo)"
(2o2)-'
(111)'
(113)-3
(2o2)-'
(2o2)

20'

17.75
19.77
21.62
23. 85
24. 98
25. 22
27. 18
28. 81
29. 17
32. 16
32. 99
35.48

(sin 8)/A.

0. 125
0. 140
0. 152
0. 168
0. 178
0. 178
0. 191
0. 203
0.205
0.226
0.232
0.249

8
8
8
8
6
8
8
8
8
8
8

12

O. 990
O. 796

0.548

0.980
0. 845
0. 753
0.368
0.303
0.576

0. 92
0.905

O. 87

0. 855
O. 835
0. 81
0. 81
0.78
O. 77

1.8
9.5

13.2
3.4
148

8
~0 6
&0.5
&0.5
&0.5

1.2
150

+0.2
+0.3
+0.3
+0.3
+1
+2

+0.3
+2

Observed
intensity

Calculated intensity
Nuclear Magnetic

1.8
9.4

13.2
4, 1

148.5
6.3
0.5
0.4
0.2
0. 13
1.8

151.8

to the same positions in reciprocal space. j At
this position in Fig. 3 (28= 18.45') an upper lim-
it of 0. 4 (arbitrary units, but the same as used in

Table II) may be put on the inten"ity of the second
and fifth satellites, i. e. , f(111 ') -0.4. The am-
plitudes of a square-wave modulation require that
the ratio of the fifth to third harmonics be 0. 69.
Inasmuch as l(1".1 ) = 1.8 + 2, the implication is
that f(111 s)=0. 75. On the other hand, the ratio
of the third to first harmonic amplitudes for a
square wave is 0. 357. The observed ratio is
0. 77/2. 20—0. 35, so that the first two harmonics
are present in the correct proportions for a
square-wave modulation. Second, we may con-
sider that the magnitude of the magnetic moment,
which is a well-defined quantity, is the same for
all atoms in a commensurate structure. The val-
ue of E(111 ') = 9. 5 corresponds to an ordered mo-
ment of 1.74ps/U atom in a 4+, 3- configuration.
This value is considerably lower than the trend in
Table II would indicate and is even lower than
found in US. By assuming a commensurate struc-
ture with a wave vector of &, we find, therefore,
that the value of the localized moment is smaller
than expected, and the predicted fifth-order satel-
lite is not observed. A further point is that any
commensurate structure that involves seven lay-
ers must have a small ferromagnetic compo-
nent, ' ' but with powder samples this would only
contribute an additional 0. 3 to the (111)nuclear
reflection, and such a small amount cannot be
detected reliably in addition to the (111)nuclear
intensity of 13.2+0. 3. The rejection of the coro-
mensurate structure leaves a longitudinal modula-
tion with a repeat of almost exactly 3~ unit cells.
Although the amplitudes of the first and third har-
monics are known, this does not specify the lo-
calized moments without a knowledge of the phase
angles 5 in EIl. (1). However, we do not expect

AVERAGE MOMENTS IN TME LW STRUCTURE

{c) sQUARE wAVE -4 CQMPONENTS: 4+, S-STRUCTURE
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FIG. 4. Models for localized moment. ~ on uranium
atoms. The structure is a longitudinal-wave arrange-
ment rather than the transverse model drawn for con-
venience. (a) Simple sinusoidal arrangement, (b) sinus-
oidal plus third harmonic (as found in the UAs-US sys-
tem), and (c) square-wave modulation 4+, 3-, etc. , that
requires an additional two components.

the maximum aroplitude to exceed - 2p.~, and, with
harmonic amplitudes of 2. 2 and 0. 77',~, this is
best achieved by arranging the amplitudes exactly
out of phase, i. e. , l6j —63l = m. Under these
conditions II, = 2. 05',s/U atom. A schematic
picture of the LW is given in Fig. 4. At high
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temperatures only a single component is present,
as in Fig. 4(a). As the temperature is lowered
the third harmonic develops and, if we assume
the wave vector is exactly & and the phase differ-
ence is m, we get the picture of the localized mo-
ments as shown in Fig. 4(b). Such a modulation
readily develops into the 4+, 3- arrangement if
two more components, with the correct phase
angles, are switched on. This is illustrated in
Fig. 4(c).

The temperature dependence of the first and
third harmonics is given in Fig. 5. The increase
in amplitude on cooling below T„ is very rapid
and does not fit any Brillouin function. For ex-
ample, the first harmonic reaches p, /p, = 0. 9 at
T/T, = 0. V5, whereas the Brillouin function for
S= —,, which exhibits the fastest rise in p/p,
with a decrease in temperature, reaches the same
value of p/g only at T/T, = 0. 60.

C. Compositions 0.34 & x & 1.00
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FIG. 6. Periodicities of the magnetic structure in the
UAs& „S~ system as a function of sulfur concentration x.
Open circles indicate the initial periodicity at TN, closed
circles the periodicity at 4. 2 K, and half-filled circles
a, single value that applies to the material at all temper-
atures.

As mentioned in Sec. II B for x = 0. 34 a ferro-
magnetic contribution is observed below 80 K.
Following the magnetization and neutron work
on the UP-US solid solutions, and the magnetiza-
tion measurements on the UAs-USe solid solu-
tions, we can expect that over most of the phase
diagram the ferromagnetic interaction dominates.
The x= 0. 34 sample marks the beginning of this
region in the UAs-US system, and the only other
sample examined in this region (with x= 0. 40) is
ferromagnetic throughout the ordered region. X-
ray experiments" on the UP-US solid solutions in-
dicate that, in samples with x ~0. '75, the unit cell
becomes rhombohedral at the Curie temperature.

Similar experiments are planned on all the pres-
ent samples.

The wave vectors observed in the UAs-US sys-
tem are plotted in Fig. 6 as a function of sulfur
concentration x. As noted earlier, the variation
of v in the LW phase is almost linear with x and
is given approximately by d~/dx= —s The s. tabil-
ity of the LVf phase is limited to repeat distances
between 2. 8 and 4. 2 unit cells. A tentative phase
diagram of the UAs-US system is given in Fig. V.
The precise range of the L% is somewhat uncer-
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tain and therefore marked with broken lines.

III. DISCUSSION

During the preparation of this work for publica-
tion, accounts of magnetization a,nd neutron ex-
periments on the UAs-US system have been pub-
lished. The magnetization results are interpreted
by the authors as indicating ferromagnetism for
x &0. 20. This is incorrect as indicated by both
the authors' later neutron work and the present
study, and may be a result of not extending the
magnetization measurements below 78 K. An-
other possibility, however, is that the LW phase
is readily destroyed by the application of a mag-
netic field. Clearly, more detailed magnetization
measurements extended to helium temperatures
are required. The smooth variation of the effec-
tive moment and the Weiss constant (8~) are very
similar to those reported for the UP-US system. '
With respect to the neutron paper on the present
system our results are in agreement with Ref. 24
for x+0. 20, the main conclusion being the rapid
increase in stability of the type-IA structure as
the sulfur concentration increases. For the in-
teresting region 0. 25 ~ x ~ 0. 35, one major and two
minor discrepancies exist. Variations in com-
position probably explain the different wave vec-
tors (0. 36 and 0. 40c*) reported for x = 0. 25, and
small differences over the position of the ferro-
magnetic boundary. Ferromagnetism is generally
more reliably detected by magnetization measure-
ments, although the response of the LW phase to
an applied field should be determined before pre-
cise agreement between the two techniques can be
expected. The most serious disagreement be-
tween the present work and Ref. 24, however, ljes
in their assignment of a commensurate 3+, 2-
structure to compositions in the range 0. 25 &x
~ 0. 35. Such an assignment is incompatible with
our observation of a varying periodicity as a func-
tion of x. For example, in Fig. 3 the 3+, 2- con-
figuration would result in a peak at 2'= 18.92',
which is midway between the positions marked
(111) and (111) ', and another peak ~ the size
situated at the (111)3 position. Our Fig. 3 shows
that the third harmonic appears only at -65 K,
whereas for the 3+, 2- configuration the ratio of
the intensities of the first two satellites must be
5:1.

The transition in UP at 22 K that involves a
sudden change in the ordered moment' has been
discussed recently by Long and Wang' in terms
of an electric-quadrupole interaction. The mag-
netic phase diagram of the UP-US system shows
that the transition in UP at 22 K persists in the
phase diagram to about 10% sulfur concentration,
but that its nature changes. Instead of a change

in the ordered moment only, the transition in-
volves a change in the type of magnetic ordering,
from type I to type IA. If two magnetic phases
are present in unknown quantities, the neutron ex-
periments cannot assign a unique value of the mo-
ment in a given structure. However, evidence
from UPp 75 So 35 and our recent reexamination of
UPo. eoSo.so UAs, and UAs& „S„with x less than
0. 10, suggest that the transformation to the type-
IA structure is accompanied by a sharp increase
in the magnitude of the magnetic moment. The
mechanism proposed by Long and Wang essentially
involves a transition between two discrete crys-
tal-field energy levels. In UP the transition oc-
curs at T/T„= 0. 17, whereas in UAs it occurs at
T/T„= 0. 50, so that to extend the Long-Wang for-
malism to UAs, the magnitude of the electric-
quadrupole interaction must be appreciably in-
creased. A more serious objection is that by
T/T„-O. 5, the thermal population factors of the
two closely separated crystal-field levels will ef-
fectively smear out any abrupt transition.

The influence of the crystal field in rare-earth
pnictides and chalcogenides has received much
attention recently. ' The greater extent of the
5f atomic wave functions implies that the crystal-
field interactions in the actinide series are
greater than those in the lanthanide series. For
example, the parameter A4(x4), which is the
dominating term in cubic materials, is estimated
to vary between 10 and 100 cm in light rare-
earth compounds ' but is in the order of 2000
cm ' for the analogous actinide compounds. ' '

Considerations of this large crystal-field potential
lead to a breakdown of Russell-Saunders coupling,
and calculations with intermediate coupling
schemes should be attempted if the quantitative ef-
fects in these compounds are to be described.
The simplest model for describing these actinide
NaC1-structure compounds is one that assumes an
integer number of f electrons on the actinide ion,
and then proceeds with conventional crystal-field
theory. Certainly the success of this model with
the lanthanide chalcogenides and pnictides, '
even for the light rare-earth elements, encourages
this approach. The first such model, proposed by
Grunzweig-Genossar et al. ,

' suggested a 5f con-
figuration. This has the disadvantage that the
ground state is probably a singlet and the order-
ing must occur by exchange mixing with higher
levels. The 5f 2 configuration does appear applic-
able in the case of UC, in which the susceptibility
is temperature independent. Chan and Lam
have proposed a 5f ~ configuration for the pnictides
and 5f ~ for the chalcogenides. They have taken
account of the large crystal fields and used inter-
mediate coupling, but, rather surprisingly, the
effective moment values are almost identical to
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those derived using Russell-Saunders coupling.
Neutron-diffraction experiments on single crystals
of CeBi and CeSb have recently been reported,
and similarities between the lanthanide compounds,
especially those with cerium and neodymium, and

the uranium compounds are becoming evident.
An alternative approach to the understanding of

the electronic properties of these compounds is to
assume that the 5f band intersects the Fermi sur-
face, and that extensive band calculations are re-
quired to explain the magnetic behavior. Daviss
has done some exploratory calculations along these
lines, but more quantitative results are needed.

An important experiment that further emphasizes
the need for the band approach is the photoemis-
sion work on US reported by Eastman and Kuz-
nietz. Although the spectra are rather complex,
these workers conclude that the Fermi surface is
located in a broad f dban-d that is almost indistin-
guishable from the conduction band. The present
neutron experiments suggest that a band approach
is required for these compounds, but the unusual
magnetic transitions and the fact that the spins
are always parallel to the [100]direction in the
antiferromagnetic compositions illustrate the
importance of the crystal-field interactions.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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