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Below 43 K, a-uranium (the orthorhombic phase stable below 600'C) develops an incommensu-
rate charge-density wave (CDW) that has a profound effect on almost all physical properties of this
element. Previous work at Oak Ridge National Laboratory and the Institut Laue-Langevin has
characterized the phonon dispersion curves and various properties of the periodic distortions of the
atomic structure. In this paper we review some of these results arid present new information giving
further details of the CDW state, in particular the temperature and pressure dependence of both the
elastic and inelastic (precursor phonon) scattering. Suggestions for new experiments, including those
using other techniques, are presented.

I. INTRODUCTION

The complex charge-density-wave (CDW) state appear-
ing in a-uranium (a-U) below 43 K has been the subject
of a series of neutron scattering investigations since the
discovery of the CDW in 1979.' In particular, experi-
ments have been conducted to examine the relationship
between the two apparently independent periodic distor-
tions, and to examine the effects of pressure and tempera-
ture on both the CD% state and the phonon dispersion
curves. Some of these have been presented in conference
proceedings; many are new. Our aim in this paper is to
present these investigations in a consecutive and connect-
ed manner, so that the status of our present knowledge of
a-U at low temperature is clear.

II. BACKGROUND INFORMATION

The structure of a-U is shown in Fig. 1. Reviews of
the early work on a-U are numerous, and we refer to the
volume y'ited by Freeman and Darby in 1974. A major
program to investigate a-U was started at Oak Ridge Na-
tional Laboratory, using the neutron facilities at the High
Flux Isotope Reactor, in the rnid 1970s. As a result of us-
ing single crystals (grown by E. S. Fisher at Argonne Na-
tional Laboratory in the late 1950s and with volumes
-0.1 cm ) the complete phonon dispersion curves in the
high-symmetry directions were mapped out at room tem-

perature. A large anomaly was found in the X4 branch in
the [100] direction. As the temperature decreases the
phonon continues to soften and satellites appear near the
positions (h + —,,k, l), corresponding to a modulation with
wave vector [q„00] with q„=0.5. Smith et al. ' showed
that these satellites occurred commensurate with a slightly
larger lattice.
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FIG. 1. The orthorhombic unit cell of a-U. Also shown with
arrows is an optic displacement of magnitude e along the [100]
direction.
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FIG. 2. Schematic diagram of a portion of reciprocal space
for a-U. Lattice points are (1,0,1), (2,0,1), and (2, 1,1). The C-

face centering condition implies no Bragg intensity at (101) and

(211) since h +k is odd. The points corresponding to

q ~ ~
[-0.5 00] are marked as open circles, and those correspond-

ing to the incommensurate CDW with q~ ~[+0.5 +q» +q, ] are
shown as solid squares. The symbols (+ + + ), etc. , refer to q
components from the (201). The second-order satellites, which

in principle occur around every lattice point, are shown only

around the (201).

Just after the work reported by Smith et al. ' a very im-
portant experiment was performed at the Institut Laue
Langevin (ILL) by Marmeggi and Delapalme. They
discovered a completely new set of satellites correspond-
ing to an incommensurate CDW below 43 K in cx-U.

Subsequent experiments at the ILI. measured the intensi-
ties and positions of these satellites, and a complete pic-
ture of the atomic displacements has emerged.

An attempt to show a portion of the reciprocal lattice
in a-U appears. in Fig. 2. It is convenient to refer to the
reciprocal-lattice point (2,0,1). The satellites found by
Smith et al. ' are marked as open circles close to the posi-
tions (2,0,1)+(-0.5,0,0). The much stronger (by about a
factor of 40 on average) satellites of Marmeggi et al. are
at the positions corresponding to the solid squares in Fig.
2. The q vector of these satellites at 5 K is

q =+0.500(1)a '+0. 176(2)b *+0.182(2) c *,
where a, b, and c * are the reciprocal-cell vectors and
the figures in parentheses are standard deviations on the
least significant figure. The plus-minus signs indicate
that one finds satellites at all possible combinations of q„,
q~, and q, . Around each fundamental Bragg point hkI
there are eight satellite refle'ctions.

Marmeggi et al. measured a great number of these
first-order satellites and worked out the atomic motions

uik. There are six important parameters needed to define
these atomic motions, three displacements (e; or e; if rela-

tive values) and three phases (P;). A least-squares pro-
gram based on the observed structure factors for the
first-order satellites gave the following results:

e„=e„a=0.053(1) A, P„=99'+3',

e&
——e&b =0.009(1) A, P» = —24'+5', (2)

e, =e c=0.006(l) A, P =118'+10',

III. ELASTIC SCATTERING INVESTIGATIONS:
AMBIENT PRESSURE

A. Temperature dependence

We show in Fig. 3 the temperature dependence of the
satellite reflections from the incommensurate CDW and
the nearly commensurate CDW. Note that because the
latter is much less intense than the former there is some
difficulty in measuring the intensity of the (1.495,0,—1)
reflection for T & 35 K. In particular the softening of the
phonon in this temperature range, coupled with the finite
resolution of the triple-axis spectrometer, make it difficult
to be sure that. all intensity is elastic. Indeed, weak elastic
scattering is seen at both the reflections plotted in Fig. 3
up to 70 K, but, again, this is thought to be connected
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FIG. 3. Temperature dependence of the incommensurate
CDW (2.5,q~, q, ), closed points, and the nearly commensurate
CDW (1.495,0,—1), open points. The lines are guides to the
eye.

with a X value of 7 and a crystallographic R factor
[equal to X( [F,b, [

—[F„~,()/& [F„~,[] of 0.10. The
largest displacement is along a, and is predominantly op-
tic in motion, i.e., changes sign across the inversion
center. A pure optic motion corresponds to / =90', and a
pure acoustic motion, i.e., the same sign across the inver-
sion center, corresponds to /=0', 180', etc. Thus uik is
almost pure optic in e„and pure acoustic in E'y and this
is exactly the symmetry of the X4 phonon along the [100]
direction.

This completes a short survey of the CDW state of a-U
as already published in Refs. 1—5. A more complete re-
view of the experimental situation as summarized in this
section has been given by one of us at a recent confer-
ence.
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Fig. 4 and the known variation with temperature of the
lattice constants. This quantity is plotted also in Fig. 4
and varies about 0.7% in the CDW state. Marmeggi and
Delapalm» proposed thai the q vector had a constant
magnitude, and this does indeed appear to be nearly
correct.
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We mentioned in Sec. II that the sateHites near
q = (0.5,0., 0) were apparently commensurate with a
slightly larger lattice. This is described in Ref. 1. Howev-
er, this effect is so unusual, and at first sight difficult to
understand, that it seems worth presenting additional evi-
dence on this point.

The essential point is that the weak satellite reflections
occur at positions ((h+ —,

' )(1—5), k, 1). The value of 5
can then be found by dividiny the observed position of the
peak by t.he quantity h+ —,. Representative scans are
shown in Ihef. 1, but we illustrate the complete determina-
tion of 5 (at 10 K) in Table I. A number of points are
worth making.

(1) The peak profile is sharpest for a low value of the
incident energy (i.e., a long wavelength) on a triple-axis

FIG. 4. Temperature dependence of the qy and Q com-
ponents of the incommensurate CD&. Also shown is the abso-

0

lute value of the q vector in A '. The triangles are from Ref.
5, the circles from the present work.

with the softening of the phonon (see Sec. IV) and the
resolution of -0.2 THz used. These difficulties also
prevent us from performing any detailed analysis of the
shape of the curves presented in Fig. 3.

The temperature dependence of the qz and q, com-
ponents is shown in Fig. 4. We have also calculated the
variation af the absolute value of q, using the results of

Position Meanh, k, lPosition Meanh, k, l

2.488+2
2.496+3
2.498+3
2.496+2
2.493k 1

2.490+1
2.491+2
2.490% 1

2.490+ 1

2.S,2,0
2.5,3,0
2.5, 1,0
2.5,2,0
2.S,2,0
2.5,0, 1

2.5,0, 1

2.5,0, 1

2.5,0, 1

0,499+2
0.500+2
0.498+1
0.498+ 1

0.494+3
0.499+2

O.S,2,0
0.5,3,0
0.5,2,0
0.5,0,1

O.S,0,3
0.5,0,1 0.498 +1

1.493+3
1.493+2
1.497+2
1.490+4
1.496+2
1.498+3
1.493+1
1A95+1
1.494+1
1.495+1

1.5,2,0
1.5,2,0
1.5,2,0
1.5,7,0
1.5,3,0
1.5, 1,0
].5,2,0
1.5,0,3
1.S,0,1

1.5,0, 1

2.4914k 10

3.497+S

3.484%2
3.486+3

3.5,3,0
3.5,0, 1

3.5,0,1 3 4860+15

1.494+1

1.998+2
1.997+2
2.003+2
2.001+1
2.001+1

2,2,0
2,2,0
2,2,0
2,2,0
2,2,0 2.001 + 1

Mean values

(mean/h)
0.9960+20
0.9963+7

Mean position
0.4890+ 10
1.4940+10

h

0.5
1.5

0.996:)+4
2.4914+ 10
3.4860+15

0.9966+4
0.9960+5

2.5
3.5

TABLE I. Positions of Bragg (h equals integer) or weak satellites (h equals integer plus 0.5) reflections. Repetition of the same re-
Ae, "tions implies an independent measureme~t with the spectrometer recalibrated between measurements. All determinations are with
the sample at 10 K and are made by scanning along the a axis. Standard deviations refer to the least significant digit.
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The wave vector is then commensurate with a lattice con-
stant a, that is slightly larger than twice the fundamental
lattice ao,

a, /2ac ——1+5=1.0037+4 . (3)

The temperature dependence of 5 is shown in Fig. 5(a).
Figure 5(b) shows the variation of ac, the a-axis lattice
parameter, at low temperature (from Ref. 7). Above this
is plotted (1+5)ao, which is essentially independent of
temperature. The commensurate lattice a, for the weak

periodic distortion at [-0.500] is therefore given by

a, /2=2. 855+0.001 A at all temperatures in the CDW
state.

spectrometer. However, one is then unable to reach large
values of Q. Clearly the best lattice parameter determina-
tions are done at high Q, so there is a compromise needed.

(2) Normally a triple axis is relatively easily set to
+0.002 from a Bragg point (see the settings given for a
series around the h =2 point), so that by h =3.5 the

discrepancy is large and easily identifiable. It is, of
course, must more difficult to see this effect at h =0.5.

(3) Note that two different crystals have been used in
the determinations shown in Table I, the first giving the
scattering plane ( hk 0) and the second giving ( h Ol).

As shown in the lower part of Table I the (mean
position)/h is remarkably consistent for the four h values
and gives at 10 K

5=(37+4)X 10

We shall maintain throughout this paper that the prin-
ciple CDW is associated with the incommensurate q, and
that the nearly commensurate satellites at [-0.500]
represent either an (as yet) unexplained diffraction effect
or (more likely) the result of discommensurations. Under
these conditions it is of special interest to study the line

shapes of the satellites from the two q vectors. These are
shown as measured for the three orthogonal directions in
Fig. 6. We note that the widths (and shapes) for the in-
commensurate CDW are always the same as nearby lattice
points, i.e., the scattering from this periodic distortion has
a coherent length as long as the underlying lattice. These
peaks are fitted in Fig. 6 in all directions with Gaussian
functions, whose widths are the same as neighboring fun-
damental Bragg lattice points. On the other hand, for the
periodic distortion giving satellites near [0.500] both the
widths and the line shapes are unusual. The fits in Fig. 6
are with Lorentzian functions, that are in all cases much
wider than the Gaussian peaks shown in the same figure.
From the Lorentzian shape we may infer that the weak
satellites arise from spatial correlations, rather than true
long-range order. We may also define from the half
widths of these Lorentzian peaks (suitably deconvoluted
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FIG. 5. Variation of temperature of (a) the misfit parameter
5 (a few values at pressure are also given), (b) the quantities
(1+5)ao and ao, where the latter is the a-axis parameter as
measured by Barrett et aI. (Ref. 7).

lP

FIG. 6. Profiles of different satellite reflections as a function
of the three different orthogonal directions. The incommensu-
rate satellites (solid points) are fitted with the Gaussian. curves
and are always resolution limited. The nearly commensurate sa-

tellites (open points) have been fitted with Lorentzians, which

are much wider than the intrinsic resolution. The indexes of the

peaks are given in each case, and the scans shown are transverse

to the respective g value. The linewidths are discussed in the
text.
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with the Gaussian resolution function) the mean correla-
tion length in the three orthogonal directions. We obtain

$„=170A,

gy
—220 A, (4)

$,=130 A

All these correlation lengths are relatively short compared
to that of true long-range order, so that it is clear that the
distortion wave, which for these satellites is only along q„,
is not well developed in the crystal. This point will be
useful in discussing how these satellites possibly arise
from discommensurations.

C. Search for higher-order satellite reflections

As discussed in Ref. 5 the structure factors from the
displacement waves are given by

F( ~ +m q ) = g 2 cos(2m r r —m„P —m P„—m, P, )
fmI

XJ (e„a Q)J (e„b Q)J (e, c Q),
(5)

where e„, etc., are. fractional shifts, J are Bessel func-
tions of order m, r is the atom position, and Q =F+m q,
which corresponds to the location of a satellite of order m
with wave vector q and measured from a fundamental
reciprocal-lattice point P=h a +kb +I c '. The sum-
mation is over all combinations of m components, i.e.,
m„+m~+m, =m. This form assumes that an inversion
operator relates the displacements of the two atoms across
the inversion center such that P; = —P,'. In Ref. 5 an ex-
cellent fit was obtained for a large number of reflections
and no improvement in the overall fit could be obtained
by dropping the inversion operator, so we assume it still
applies in the CDW state. A series of reflections are listed
in Table II.

TABLE II. Representative structure factors for fundamental reflections and satellites at the incommensurate wave vector in a-U
at 10 K. Calculated values use Eq. (5), see Ref. 5.

Reciprocal
point

(h, k, l)
Satellite index

(+q„,+qy, +q, )

First satellite
10 iF,b, i

10 iF„g, i

(*2)

Fundamental reflection
T&43 K T(43 K

F„„
Second satellite

10 iF g, i

201

202

241

226

204
300

302

400
401

+++
+ ++++

+ ++++
+ +
—+ +
—+-
+++
+ +-

+ +
—+-
+ + +
+ +
+ —+
+ ——
—+ +

+
——+

7
8

18
11
70
68
39

'

43
13
11
14
10
53
52
77
69
30
35
30
32
51
58
30
51
27
51
13
17
18

13
11
17
92

6
2

11
7

73
70
41
45
13
9
5
9

53
55
75
71
30
32
30
34
56
63
31
48
28
52
15
16
11

13
9

16
97

0.534

0.278

0.986

0.986

0.529

0.275

0.986
0

0.946
0

1.3
0.5
7.3
0.8
2.5
2.1

0.2
0.4
7.9
6.8
0.6
1.0
4.7
4.1

0.9
0.9
1.1
1.3
0.5
0.5
1.9
0.2
0.4
1.5
0.3
0.2
8.5

13.1
3.2

13.8
12.3
2.8
3.6
7.2
2.2
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FIG. 7. Profiles of second-order satellites as marked in each
panel. The quantity I', is calculated with Eq. (S) and the square
of it should be proportional to the intensity if the displacement

wave is purely sinusoidal.

FIG. 8. (a) Pressure dependence of the two satellite systems
in a-U at 10 K. (b) P- T existence curve for the incommensurate
CDW in a-U. (c) Pressure dependence of the q, component of
the incommensurate CDW at 10 and 31 K.

First, we note that Eq. (5) predicts changes in the inten-
sities of the fundamental ( m =0) peaks and some of these
are shown in the table. Most are very small and impossi-
ble to determine accurately in view of changes in extinc-
tion that frequently accompany the formation of the
CDW.

Equation (5) also predicts the presence of weak second
(and higher) -order order satellites because of the displa-
cive nature of the modulation. The second-order satellites
are predicted to be very weak. This prediction is based on
a simple sine wave for the displacement wave and may
not necessarily be correct. We show in Fig. 7 a collection
of scans searching for second-order satellites. The calcu-
lated structure factors are shown in Table II and on the
figures. Based on a weak first-order satellite we find the

(302)' ' ' ' integrated intensity equivalent to
Fo ——(10+1))&10 so this is a little weaker than predict-
ed. We see that the variation in intensity is approximately
given by

~

I'„~,
~

. These satellites are —10 of the fun-

damental Bragg peaks, so that determining an accurate
absolute scale is extremely difficult, and the intensities of
the second-order satellites are within statistics of that
predicted in Table II. In TaSe2 the second-order satellites
are much stronger than expected for a sinusoidal displace-
rnent wave and this additional distortional wave plays a
key role in driving the system commensurate. Clearly,
this is not the case in a-U.

We have also searched for third-order satellites but
have not found any. Such satellites would be associated
with a squaring of the sinusoidal modulation. For a pure
sine-wave displacement these satellites would be too small
to observe.

value &0, 1 K to over 2 K with application of modest
pressures ( —8 kbar), the temperature at which the
anomalies occur in the elastic constants decreases with in-
creasing pressure, ' and de Haas —van Alphen oscillations
have been seen only with hydrostatic pressures above 6
kbar. "

The experimental apparatus and some of the results
have been described in a recent conference paper. ' We
show in Fig. 8(a) the pressure dependence of both sets of
satellites. These are clearly different, and the weak (near-

ly commensurate) satellites are essentially unobservable
above -2 kbar. Note also the concave nature of the weak
satellite pressure dependence.

The satellites do not simply diminish with applied pres-
sure, there is also a change in position. We have already
shown in Fig. 5 the pressure dependence of the misfit pa-
rameter 5, which rapidly increases with applied pressure.
Apparently the weak satellites do not exist for
5 ~ -70)& 10 and this may. be achieved either with pres-
sure, or temperature.

The pressure-temperature existence curve for the in-
commensurate CDW is shown in Fig. 8(b). This phase di-
agram is in good agreement with the more limited I'- T in-
formation obtained with elastic constant measurements. '

Within this phase diagram one can also study the q„and
q, dependence of the CDW but we have not pursued this
fully. In particular, we have not studied the pressure
dependence of q». That of q, is given in Fig. 8(c). The
lack of any data on q~ means that we cannot be sure that
the total amplitude of q stays constant under pressure, al-
though this seems a reasonable assumption. There is no
change in q„(=0.5) with pressure.

IV. ELASTIC SCATTERING INVESTIGATIONS:
VARIATION OF PRESSURE-

Pressure effects have long been known to be important
in the low-temperature phase of a-U. For example, the
superconducting temperature T, rapidly increases from a

V. INELASTIC SCATTERING INVESTIGATIONS

A. Ambient pressure

We have already discussed the importance of the pho-
non dispersion curves' in the condensation of the COW.
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A number of pertinent questions arise.
(1) To what extent are the q~ and q, components related

to soft phonon modes? We show in Fig. 9 scans in the
three orthogonal directions around the CD& point. The
frequency of the soft mode continues to decrease' from
300 to —50 K. Between 50 and 30 K it is extremely diffi-
cult to observe because the energy is low ( &0.3 THz) and
the best resolution we have used is -0.2 THz, full width
at half maximum. By 12 K the frequency has once again
increased to values comparable to those found at 300 K.
A number of points are immediately obvious from Fig. 9.
Whereas the frequency dependence is extremely sharp in
the [100] direction, the ininima in the [010] and [001] are
not well defined. The CDW positions are certainly con-
sistent with the minima in the X4 response but, except for
q„, are not necessarily defined by the phonon minimum.

(2) To what extent are the displacements in the CDW
state related to the Xq phonon? We have already seen that
the [100] direction the X4 phonon has predominantly op-
ticlike x motion and acousticlike y motion. (This can be
derived directly from Table III of Ref. 3.) As one moves
away from the [100] direction and introduces small qz
and q, components the dynamical matrix becomes more
complicated, but the components are optic (x), acoustic
(y), and optic (z). These are precisely the major com-
ponents of the CDW motion as derived from Eq. (2). An

2.0—
(a)

300 K

o
C)

II

L
Q

O 400—

300—

200—

Energy (THz)

Neutron counts {per approximately 30 min) at the
position (2A8,0,1) showing the frequency of the X4 phonon with
an applied hydrostatic pressure of 5.16 kbar. The experimental
arrangemenit was with Be(002)~Be(002) and a final energy
E'=8 THz. The position of the phonon at ambient pressure is
given by the arrow.

attempt ha.s also been made to predict the frequencies of
the phonons away from the symmetry axis with the fitting
parameters of Ref. 3. However, this was not wholly suc-
cessful sin&:e the frequencies rapidly became negative with
the introdUction of q~ and q, components. The transition
from the dynamic to the static CDW configuration can
thus be regarded as a continuous one, with the symmetry
and motions preserved during the condensation.

B. Variation of pressure
1.5—

C
1.0—

1.5—
(b)

I,' 1.0—

C
LLI 0 5

1.0
I

1.5

I

0.5

2.0
I

2.5

0.221 A

0.2141 A "

I

30 k~

Pressure has a drastic effect on the CDW in a-U as dis-
cussed in Sec. IV. We also expect some effect on the X4
phonon frequency. At room temperature the increased
phonon frequency is shown in Fig. 10. The relative shifts
are much greater at lower temperatures, as one would ex-
pect, but precise data are difficult to achieve because of
the decreasing phonon intensity and the background
scattering from the pressure vessel. More complete stud-
ies of the inelastic scattering as a function of pressure re-
quire larger crystals than presently available.

VI. SUMMARY

A. Formation of CD&

1.5—

X
1.0—

C
LLl

0.
0 0.5 1.0 1.5

FIG. 9. Spatial dependence of the X4 phonon frequency in
the three orthogonal directions around the point at which the
CDW occurs. The exact positions of the CDW at low tempera-
tures are marked with arrows. Open circles room temperature;
closed circles, 100 K; closed squares, 12 K. A scale, in absolute
reciprocal-lattice lengths, is shown on each figure.

The incommensurate CD%' is now reasonably well
characterized in a-U, but we cannot explain why it forms.
This touches on the far more complex question of the sta-
bility and structures of the actinide metals. At present the
widely held view is that the 5f electrons participate in the
bonding for U, Np, and Pu, but not for heavier ele-
ments. ' That is one reason why these elements have
complex structures and many allotropes. ' Efforts to cal-
culate the band structure of a-U have not produced any
anomalous results in the [100] direction, but this perhaps
is not too surprising since it is extremely difficult to in-
clude the full details of the electron-phonon interaction in
such a calculation. ' Furthermore, de Haas —van Alphen
measurements" have yet to yield a complete Fermi sur-
face of a-U.
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a-U is the first element to be found that exhibits a
spontaneous CDW at low temperature. The orthorhom-
bic a-U structure is itself unique, although at high pres-
sure (56 kbar) cerium adopts this structure, ' and possibly
also Am. ' Neither of these have been cooled to deter-
mine whether a CDW occurs. We should also note that
the low-temperature form of Pu, the a phase, shows a
variety of anomalies at T-60 K that resemble those
found in a-U.

B. Possibility of single or multi- q states

Many of the systems that exhibit complex CDW states
are multi-q in nature. For example, in TaSe2 the CDW is
described by a triple- q state, in which all three q vectors
exist simultaneously in a given crystallite. The question in
a-U is whether the true low-temperature state consists of
domains of different single q states or of a 4q state given

by q~+ q2+ q3+ q4, , where each q is given by a choice of
signs in Eq. (I). There are two ways in which a distinc-
tion between these two choices can be made. Unfor-
tunately neither is conclusive in the case of u-U. First, we
may observe higher-order satellites, as found in TaSez, but
none were found. Second, we may apply uniaxial stress
and see if the domain population changes. As discussed
in Ref. 5, uniaxial stress (up to 3.5 kbar) was applied

along both the a and b orthorhombic axes at 5 K. In
both cases no change in the CDW satellites was observed,
although the weak q„=0.5 satellites rapidly decreased in
intensity and could not be observed for stresses ~0.5

kbar.
Neither of these observations is conclusive. The

higher-order satellites may be weak and we do not know a
priori the structure factors. Examination of the stress

measurement shows that a (and b) make an equal angle
with q; (where i =1 to 4) so that it is not evident which

q of a single domain structure would be preferred.

C. The weak q„=o.5 satellites
and discommensurations

The incommensurate CDW is apparently almost pure
sinusoidal in form with the intensity of the second-order
satellites compatible with a simple sine-wave displace-
ment. Despite this apparent simple form, a complex dif-
fraction effect gives rise to weak satellites near q„=0.5,
q~ =q, =0 that are apparently commensurate with a lat-
tice slightly larger than the regular a-U lattice. (See Sec.
III.) The "misfit" parameter 5 (Fig. 5) varies with tem-
perature, but in such a way to keep (1+6)ao, where ao is
the regular a axis, essentially constant.

A somewhat similar diffraction phenomenon is associ-
ated with the precipitation of the co phase in Zr-Nb al-
loys. In this case diffuse peaks are found between the
regular lattice points and appear to sample a different lat-
tice embedded in the host bcc lattice. Considerable ef-
fort' has been directed at trying to understand the ~-
phase precipitation in terms of so-called "stacking soli-
tons" or "discommensurations. "

To apply similar ideas to a-U we note the following.

The intensities of the satellites measured at [-0.5 00] are
accurately accounted for with e„=0.006 A, $„=90', and
all the other parameters zero in Eq. (5). However, this as-
sumes that the total volume is scattering, but suppose we
were to make the assumption that the displacement is
really 0.053 A in these regions as given by Eq. (2), then
the volume of this phase a" would be ~ of the volume
of the regions with the a' incommensurate CDW at
[0.5 q~ q, ]. One can therefore imagine "fault" regions a"
in which the q vector is [0.500] and represents a change
from [0.5q~q, ] to [0.5 —

q~
—q, ]. The unit-cell volume

of this fault region a" would prefer to be larger than a n'
phase but because of inherent stresses this is energetically
unfavorable, and the result is discommensurations. Quan-
titative estimates with this model were attempted by
Smith et al. , but the parameters determined were very
different from those of Horowitz et al. ,

' and their physi-
cal reality seems somewhat difficult to understand. It
should be pointed put that since this model involves
domains it assumes a single q state.

A comparison between the x-ray and neutron intensities
for the two sets of satellites would be useful in case the
weaker satellites arise from surface effects. It is known,
for example, that all crystals are coated with a thin film
of the stable oxide. Discommensurations may also be seen
directly with electron microscopy ' and such studies, if
possible, of o.-U would be of immense value in under-
standing the details of the CDW state.

Experiments on o.-U single crystals with strain gauges
some years ago identified the 43-K transition, and two
additional, apparently first-order transitions at 23 and 37
K, Heat-capacity measurements also found that in
pseudo-single-crystal samples anomalies occurred near 23
and 37 K. Gn the other hand, the 43-K CDW transition
appears in all heat-capacity studies, whatever the form of
the sample. In all our neutron experiments we have found
no evidence for additional phase transformations. The
fact that the effects are not easily seen in a polycrystalline
sample suggests that high dislocation density, inherent
strains, or small particle size may suppress these transfor-
mations. This, in turn, suggests that they are associated
with the nearly commensurate CDW. The resolution of
our spectrometer is such that apparent jumps in the misfit
parameter (5) in Fig. 5(a) would be hard to observe. This
is another area that could be tackled with x-ray tech-
niques. Another possibility is that the CDW periodicity
shifts only between these temperatures (i.e., between 23
and 37 K). Here the data of Fig. 4 are inconclusive.
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