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Direct Observation of the Charge-Density Wave in Potassium by Neutron Diffraction
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Sharp charge-density-wave satellites in potassium have been located &t (0.9&5, 0.975, 0.015).
They aie smallet than ihe [110[ reflections by —10', and each is surrounded by a prolate ellip-

soidal cloud of diffuse phason scattering having its major axis along a line through the point

(1,1,0).

PACS numbers: 61.55.Fe, 61.12.6z, 71.45.6m, 72.15.Nj

We announce discovery of the charge-density-wave
(CDW) satellites in potassium. CDW instability of
conduction electrons in a simple metal is a many-body
effect, driven by exchange' and correlation. 2 Nev-
ertheless, neutrons can interact with this charge modu-
lation because a parasitic, periodic lattice distortion
Ai sinQ r arises to provide charge neutralization. 2

Theoretical prediction and experimental evidence re-
quires A to be so small, 3 —0.03 A, and Q to be so
near the reciprocal lattice vector Giio, that finding the
diffraction satellites at Ghkt + Q is extremely difficult.
Diffraction searches require a triple-axis spectrometer
so that neutron energy transfer can be set equal to
zero, providing thereby the needed isolation from in-

elastic phonon scattering.
The satellite structure we present here was obtained

at 4.2 K, near [110], and with 4.08- and 4.70-A neu-
trons. The beam was filtered with 6 in. of Be at 78 K.
[An additional 6 in. of Be did not change the satellite-
to-(110) intensity ratio, which confirmed that order
contamination was unimportant. ] We have studied the
sate[Utes for several years on four triple-axis spectrom-
eters (at the National Bureau of Standards' research
reactor), with five wavelengths from 2.35 to 4.70 A,
and near the [110], [220], [200], and [211] Bragg re-
flections. Highest resolution is obtained near [110]
because the pyrolytic-graphite {002] monochromator
spacing nearly matches that of potassium [110].

Although each microscopic region of a potassium
crystal has a single Q, 5 there are 24 Q domains in bulk

and, consequently, 48 satellites near every hkl reflec-
tion. Most of these are swamped by background
(near the Ewald sphere of reflection) caused by mosaic
distribution. Others have small intensity because the
lattice-displacement vector ~ is nearly perpendicular to
the neutron scattering vector. We define the major
satellites to be the family (one of six) for which Q, ,
i = 1, 2, 3, 4, is nearly parallel to [110]. A satellite map
in the (110) plane near [110] is shown in Fig. 1. Each
satellite is surrounded by a diffuse cloud of phason
scattering, which redistributes the anticipated intensi-
ty.4 A previous search~ for CDW's in potassium did
not probe this region, so close to the (110) point.

The single crystal used was a cylinder 2 cm in diam-
eter and 7 cm long. It was sealed in a He-filled Al can
and supported only by compressed quartz wool at each
end. It was an exquisite specimen, having a mosaic

.- 1.025

X -- X

-- 1.015

X .- X

[0013
I l a f/l» L I I ~

-0. 03 -0. 02 -0. 01 +i 0. Gl 0. OZ 0. 03

X " X

X X a X X

X .- X

--0 975

F16. 1. Map of the (110) scattering plane surrounding
the [1101 Bragg peak. The black dots are the main CD%
satellites: The lower two come from the origin, [000], and
the upper iwo from the [220]. The twenty crosses mark sat-
ellite locations generated by other nearby reciprocal-lattice
vectors. Each point in the figure is the projection of two sat-
ellites (located slightly above and below the plane). The
shaded ellipses represent diffuse phason scattering. The
dashed line represents a transverse hhq scan having
h =0.982. The open ellipse in the lo~er left-hand corner is
the experimental resolution for A. = 4.08 A, collimation 40'-
20'-20'-40', and energy resolution O. l. 5 meV. The other el-
lipse was measured with A. = 4.70 A, collimation 20'-20'-20'-
20', and energy resolution 0.07 meV, and pertains to the
data in Fig. 5.
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width of less than 0.1' in three mutually perpendicular
planes. All rocking curves were free of structure. It
was gro~n from potassium having a residual resistance
ratio of —8000. (The bcc lattice constant of potassi-
um at 4 K is a = 5.2295 A.s)

Transverse hhq scans in the (110) plane which re-
veal CDW structure are presented in Fig. 2. The shad-
ed inset is a similar scan through [110];it shows that
the CDW satellites are extremely sharp, almost equal
in sharpness to the Bragg reflections. Inelastic phason
scattering suffices to explain any excess width. Ob-
serve that for It =0.975 the satellite peaks occur at
q = +0.022. As h increases this separation decreases
and, within experimental error, the maxima lie along
lines through [110]. For shorter neutron wavelength
(and poorer h resolution), this tilt of the phason ellip-
soid is less apparent. (Convolution of the resolution
function with the final CDW structure distribution ex-
plains such behavior. ) Three more transverse hhq
scans, with trajectories closer to the [110],are shown
in Fig. 3. The peak heights of the CDW diffraction
continue to increase, but the effect of the nearby [110]
grows very rapidly, causing the peak centered at q = 0.

Each satellite peak in Figs. 2 and 3 arises from a
pair, one above and the other below the (110) scatter-

ing plane. The sample was reoriented in order to mea-
sure the satellite separations along the [110]direction.
The sample was first rotated by 90' about the original
[110] scattering direction. The [001] direction was
then perpendicular to the (new) scattering plane. For
reasons of beam geometry the sample was then rotated
90' about the (new) vertical direction. A series of
twelve scans were made in this (001) plane. Three of
these and the final map for the (001) plane are shown
in Fig. 4. The major satellites depicted here corre-
spond to Q domains for points h =0.990,q = + 0.015,
and h =1.01Q,q = +Q.015 in Fig. 1. Once again the
major axes of phason scattering appear to pass through
[110]. The intensity reversal between scans A and 8
of Fig. 4 is not surprising. The peaks on the right- and
left-hand sides of a given scan need not be equal, since
they arise from different Q domains. However the Q
domains which cause the right-hand peak in scan A

cause the left-hand peak in scan 8. A similar (but less
dramatic) asymmetry reversal can be noticed in the
upper two scans of Fig. 2.

Close approach to the [110] requires longer wave-
length and tighter collimation. Three higher-reso-
lution scans are shown in Fig. 5. The price paid was a
sixteenfold reduction in counting rate. However, com-
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FIG. 2. Transverse Ahq scans through the CD% structure
in the (110) plane. The shaded inset is a scan through the
[110]peak, after normalizing the data by 1.5x 10 '. (Potas-
sium, 4.2 K, l =4.08 A. ) The curves through the data are
three-Gaussian optimum fits. Background lines have been
positioned for clarity.
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F16. 3. Transverse scans in the (110) plane near the
maxima of the CD% structure. The rapidly increasing com-
ponent (vs It) at q =0 is caused by the intense [110]. (Po-
tassium, 4.2 K, h. =4.08 A. ) The curves through the data
are three-Gaussian optimum fits. Background lines have
been positioned for clarity.
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FIG. 4. Map of the (001) scattering plane near the [110]Bragg peak. On the right are three scans through the CDW struc-

ture indicated by the dashed lines on the left. 3 is (102+q, 102 —q, 0). B is (098+q, 098 —q, 0). C is (0936+q, 097, 0).
The rapidly rising background at the end of scan C is mosaic "splash, "which occurs on approaching the Ewald sphere of re-

flection (at 1.03, 0.97, 0), where the 20-minute count reached 4X10'. (The Bragg-peak count was 3&&10'.) Curves for A and

B are three-Gaussian optimum fits. (Potassium, 4.2 K, h, =4.08 A. )

parison of the h =0.985 scans of Figs. 3 and 5 shows that the needed resolution was achieved. These high-
resolution scans allow determination of the CDW satellite coordinate along the [110] scattering direction. A plot
of the integrated intensities of all transverse hhq scans versus h is also shown in Fig. 5. (Intensities from the peaks

h-0. 986

N

llfL~5 IIII (lif II I II

II

O. 985
II

Z 11

II ~ ~~~~~ 1 ~ I««« ~~~~~~ «e«
I

II II

II i II II O~ 984: I II I

II t' II II II

II Jg 11

I I a a l ~ I I I-o. 02 0 O. 02 O. 975 O. 985
q &2n/ai h (Znf'a&

FIG. 5. High-resolution transverse hhq scans near the maxima of the CD%' satellites. X = 4.70 A. The seven squares in the
right-hand panel are the integrated intensities of the CD% components from Figs. 2 and 3. The three circles are integrated in-

tensities of the CD% components from thc data on the left-hand side. A scale factor of 16 was used to force coincidence of
thc two points at h =0.985. The solid curves in thc left-hand panel are three-Gaussian optimum fits. The solid curve in the
right-hand panel is the sum of a Gaussian and a Lorentzian. The sizes of the circles and squares represent our estimate of the
relative precision.
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Q = (0.995, 0.975, 0.015).

The magnitude is Q = 1.393(2m/a ), which compares
well with'

g = 2kF(1+ g/4EF) (2)

where g is the CDW energy gap (0.62 eV) and EF is
the experimental Fermi energy (1.5 eV). ' Equation
(2) leads to g =1.37(2m/a). The angle between Q

at q =0 were subtracted. ) The coordinate of the
"maximum" scan is /t = 0.985. The curve through the
integrated-intensity data was taken to be the sum of a
Gaussian and a Lorentzian. Such a decomposition is
purely heuristic. At present this is our best attempt to
estimate the ratio of total intensities from elastic and
phason contributions. The ratio found was about 1:7.

A series of constant-energy hhq scans were made at
It =0.970. These CDW peaks were essentially all of
phason origin. Neutron energy transfer was varied
between b, E = —0.5 and 0.5 meV. The (phason) sat-
ellites reached their maxima at DE =0.3 meV, i.e.,—3.5 K. This value confirms the phason characteris-
tic temperature (the phason analog of Hn) found from
analyses of resistivity, point-contact spectroscopy,
and heat-capacity" data. A crucial experiment for the
future would be a measurement of how much of the
phason scattering is "pulled back" into the elastic peak
at T —0.3 K.

The structure we report cannot arise from phonons
or Huang scattering, i.e., from frozen phonons caused
by lattice imperfections. We have convolved the
(four-dimensional) experimental resolution with the
(known) lattice dynamics of potassium. The calcula-
tion was normalized to the measured intensity of the
longitudinal phonon at (1.1,1.1,0). The resulting
scattering function was too small by an order of magni-
tude, and had no sharp features resembling our data.
Phonon scattering having energies less than 0.07 meV
would increase by almost a factor of 20 at 78 K. This
temperature independence is expected for CDW satel-
lites since the resolution ellipsoid of the spectrometer
(for this particular experiment) was larger than the
phason ellipsoids shown in Fig. 1. The anisotropy of
Huang scattering is similar to that from phonons, and
cannot explain the sharp satellites we observe.

The CDW wave vector Q determined by the data,
with a precision of —0.0004 for each component, is

and [110] is 0.85'. The theory6 of this tilt predicts 1.0'
if the experimental ~Q( is employed. The expected in-
tensity of a satellite is 1.4X10 5 of the Bragg reflec-
tion. A tight quantitative comparison cannot be made
because the [110] reflection is reduced by extinction.
The CD%' satellites are also reduced by phason scatter-
ing. Since these two corrections tend to compensate,
the observed intensity ratio has approximately the
predicted value.

Conduction electrons in potassium exhibit many
anomalous properties attributable to static and dynam-
ic effects of a CDW. t4's Our diffraction data show
that neutrons traversing metallic potassium provide
direct evidence of the underlying phenomenon.
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