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X-ray-scattering study of charge- and spin-density waves in chromium
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We report an x-ray-scattering study of the incommensurate modulations in pure chromium. X-ray
magnetic scattering from the spin-density wave (SDW) is observed. No resonant enhancement of the sig-

nal is obtained near the Cr K edge. On cooling through the spin-flip transition, the magnetic signal falls

to zero, consistent with the polarization dependence of nonresonant magnetic scattering and the known

polarization of the SDW. Charge scattering is observed at the second harmonic due to the associated
charge-density wave (CDW). The intensity of the second harmonic is unchanged on cooling through the

spin-tlip transition. A survey of possible second-harmonic satellites reveals that a single Q state exists in

the near-surface region. The amplitude of the lattice distortion is estimated to be

{A2/a)=1.5+0.2X10, consistent with published reports. A fourth harmonic is also observed, sug-

gesting that the CDW is not perfectly sinusoidal. The intensity of the fourth harmonic is 0.05% of the

second and we find (A4/a) =2.8+0.2X10 '. The temperature dependence of the charge harmonics is

found to obey mean-field scaling.

I. INTRODUCTION

Over the past ten years, the use of x-ray diffraction as a
probe of magnetic ordering has grown considerably fol-
lowing the pioneering work of de Bregevin and
Brunel. ' Utilizing both nonresonant ' and resonant
x-ray-magnetic-scattering techniques, a wide variety of
magnetic systems has been studied, including the elemen-
tal rare-earths, ' alloys' and thin films, ' ' various ac-
tinide compounds, ' ' and some transition-metal materi-
als. ' ' The field is briefly reviewed in Ref. 26. To
date, however, the majority of materials studied have
been local-moment systems. One of the motivations for
the present work was to characterize magnetic scattering
from an antiferromagnet in which the magnetic electrons
are delocalized. Chromium was chosen as it is the canon-
ical example of an itinerant antiferromagnet and because
the spin-density-wave (SDW) state remains a fascinating
problem in solid-state physics. Applying the techniques
of high-resolution x-ray scattering, we report the observa-
tion of x-ray magnetic scattering at +Q and of a second
harmonic to the charge-density wave (CDW) at +4Q,
where Q is the modulation wave vector.

We first briefly review the magnetic phase behavior of
chromium, which forms an incommensurate, transverse
SDW (TSDW) below the Neel temperature, T&=311 K.
The incommensurability 5, defined as the distance be-
tween the magnetic Bragg peak and the nearest com-
mensurate reciprocal lattice point, increases smoothly on
cooling from a value of 5=0.037 rlu at T to 5=0.048
rlu at T=10 K (1 rlu=2m. la=2X18 A ). The SDW
attains a rms ordered moment of (p) =0.43p, ii at T =0
K. At T=TsF=122 K, the SDW undergoes a spin-Hip
transition, in which the polarization rotates to become
parallel to the modulation wave vector, and forms a lon-
gitudinal SDW (LSDW). Chromium has been the subject
of insensitive experimental and theoretical study over the
past three decades. An excellent review is provided in

Ref. 27.
The origin of the SDW in chromium, as first under-

stood by Overhauser, ' lies in the pairing of electrons
with holes of opposite spin. The pairing is between
momentum states separated by Q. When Q is a vector
that "nests" the electron and hole Fermi surfaces, the to-
tal electronic energy is lowered and a spiral-density wave
results. The ground state is formed from two spiral
waves of opposite helicity, resulting in the linearly polar-
ized SDW. For pure chromium, the nesting vector is in-
commensurate with the lattice and Q =( +I5)2m/ awhere

a =2.88 A. The period of the SDW modulation is =27
lattice constants at T&.

Associated with the SDW ordering, there is a distor-
tion of the lattice with twice the wave vector of the SDW.
A diagram of the reciprocal space resulting from these
two density waves is shown in Fig. 1. The Bragg peaks of
the bcc structure are shown as filled circles. Satellites of
the Bragg peaks displaced by odd multiples of Q are mag-
netic. Those at +Q (open circles) were first observed by
Corliss, Hastings, and Weiss ' and Bykov et al. using
neutron scattering. Subsequently, weak third harmonics
(not shown) were observed also in the neutron-diff'raction
pattern. Even harmonics (+2Q) due to the charge-
density wave were first observed by Tsunoda et al. with
x-ray diffraction and subsequently also by neutron
scattering. Later high-resolution x-ray-scattering mea-
surements determined the temperature dependence of the
2Q satellite precisely.

In this paper, we report results of experiments per-
formed largely along the (h, 0,0) axis. Following a dis-
cussion of the experimental details in Sec. II, we present
data taken around the magnetic satellites in Sec. III. The
charge scattering at +2Q and +4Q is discussed in Sec. IV
and the amplitudes of the respective Fourier components
of the density wave are estimated. In Sec. V, the temper-
ature dependence of the harmonics is detailed, with the
conclusion that mean-field scaling is observed for all har-
monics. Finally, in Sec. VI the results are summarized.
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FIG. 1. Schematic of the (h, k, 0) plane of reciprocal space
for a polydomain sample of chromium with T & T&=311 K.
The filled circles represent chemical Bragg peaks from the bcc
structure. The open circles are the magnetic spin-density-wave
satellites and the crosses the charge satellites from the second
harmonic of the density modulation. The surface norrnals for
the samples studied here are along the (h00) direction.
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FIG. 2. Longitudinal scan through the SDW peak. These
data were taken on a wiggler beamline at E =5.91 keV, just
below the Cr K edge at T = 140.3 K.

II. EXPERIMENTAL DETAII.S

These experiments were carried out on a bending mag-
net bearnline, X22C, and a wiggler line, X25, at the Na-
tional Synchrotron Light Source. Both beamlines were
configured similarly, with a toroidal mirror, placed
upstream of a fixed exit double-bounce monochromator,
focusing the beam horizontally and vertically at the sam-
ple position. Ge(111) and Si(111) monochromator crys-
tals were used on the X22C and X25, respectively. A
Ge(111) crystal was used to analyze the scattered beam
and to reduce the background due to air. scattering. In
this configuration, the primary source of background
originates from the sample in the form of thermal diffuse
scattering and surface reAectivity. This background was
significant only in the vicinity of the 2Q CDW satellite
near Tz, where it had a count rate of 400 counts/s at
beamline X25. For the purposes of this work, the essen-
tial difference between the two beamlines is the factor of
5 increase in scattered intensity obtained at the wiggler
source.

The sample was sealed in a beryllium can with helium
exchange gas and mounted on the cold finger of a closed-
cycle helium refrigerator. Temperature stability of +20
mK was achieved during the course of a typical scan.

Two samples of single-crystal chromium were used in
this work. Both were grown using a strain-anneal tech-
nique. Faces with a surface normal perpendicular to the
(200} Bragg planes were cut and mechanically polished,
leading to the observed x-ray mosaic widths of 0.03
FWHM. No differences between the two samples were
observed in the results reported here.

III. MAGNETIC SCATTERING
AT THE SDW SATELLITE

A longitudinal scan taken through the (Q, O, O) SDW
satellite position is shown in Fig. 2. These data were ob-

tained at beamline X25 operating with an incident pho-
ton energy of E =5.91 keV (just below the Cr X edge} at
a temperature of T = 140.3 K. A peak of 55 counts/s is
observed on a background of 0.4 counts/s.

In order to quantify the data, the longitudinal scans
were fitted to a Lorentzian-squared line shape (solid line,
Fig. 2) and the transverse scans were fitted to a Gaussian.
These line shapes were found empirically to provide the
best fits. No significance is attached to their forms. The
longitudinal width of the magnetic scattering at T =140
K was found to be 1.26X10 rlu. Were the resolution
perfect, this width would correspond to a real-space
correlation length of 3600 A. In practice, some or all of
the width is due to the finite resolution and we conclude
that the correlation length is well in excess of 4000 A at
T =140 K. On warming the sample to 309 K the width
increases to 1.77X10 rlu. The transverse width is
three times larger at 140 K and is dominated by the sam-
ple mosaic. It shows only a hint of broadening above
T =260 K. Interpretation of the longitudinal broadening
is complicated by the movement of the SDW satellite
along the h axis, which takes the spectrometer away from
the least dispersive configuration at a momentum transfer
of =0.9 rlu, where the longitudinal resolution has a
minimum. The CDW satellite line shape exhibits a simi-
lar broadening; but, in this case, interpretation is eased by
the presence of the nearby, resolution-limited Brag g
peak. We defer a discussinn of the broadening to Sec. IV.

The variation of the peak position as the sample is
warmed from T =140 K is shown in Fig. 3. Its behavior
is precisely that expected for SDW scattering, based on
previous neutron-scattering results. It is also consistent
with the variation of the CDW satellite s position mea-
sured in this sample and reported in Sec. IV.

The magnetic origin of this scattering is confirmed by
the behavior of the integrated intensity obtained at
(2—Q, O, O) as a function of temperature, and shown in



10 338 J. P. HILL, G. HELGESEN, AND DOON GIBBS

0.960
i
C)

a 0.958

4 0.956

Q

o

0
0

0

eo osi ion
I ' ' I ' ' I

lmag

charge

fico

mc

2
(p)'
N2

(2)

that no change in the intensities of the 2Q satellites was
observed on passing through TsF.

From the ratio of the magnetic scattered intensity at
(Q, O, O) to that of the (200) charge Bragg peak, we may
obtain a rough estimate of the average-ordered magnetic
moment. Blume estimates the ratio of the integrated in-
tensities to be
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where fico is the photon energy, mc is the rest mass ener-

gy of an electron, f and f are the magnetic and charge
form factors, respectively, N is the number of electrons
per atom, and (p ) is the average moment per atom.
With A'co=6 keV, N =24, f (Q, O, O) If (2, 0,0)= 1.2
(Refs. 27 and 39), and I, /I, h„,=3X10, we obtain

(IM) =0.29pz at T=140 K, in qualitative agreement

FIG. 3. The peak position of the (Q, O, O) SDW peak, in units
of 2m/a, where a is the room-temperature lattice constant. The
value corresponds precisely to a quarter of the difference be-
tween the 2Q and 4 —2Q CDW satellites. 12 — (g)

(2—Q, 0,0) Peak Intensity

Fig. 4(a). These data were taken on X22C and are, there-
fore, reduced in intensity by a factor of 5 relative to the
data of Fig. 2. On cooling through the Neel transition at
T=311 K, the intensity is seen to grow, reaching a max-
imum at T = 130 K. At T = 120 K, the intensity drops to
half the maximum value and further cooling causes the
signal to fall below background levels. This change in in-
tensity may be readily explained in terms of the spin-Rip
transition at T =122 K. In the scattering geometry em-
ployed in these experiments, the polarization of the SDW
is perpendicular to the scattering vector in the transverse
phase and parallel to it in the longitudinal phase. This is
illustrated in Fig. 4(b). Blume and Gibbs have shown
that the magnetic scattering arising from the nonresonant
cross section is most sensitive to the component of the
spin-density wave, which is perpendicular to the scatter-
ing plane. In this transverse SDW phase at these momen-
tum transfers, the signal is predominantly due to this
component. On passing through the spin-Aip transition,
the polarization aligns with Q and, for the fraction of the
intensity that arises from the spin density, the ratio of the
scattered intensities is
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where 8 is the Bragg angle. For the data of Fig. 4(a),
8=22.2'. From measurements of the form factor, the
total magnetization density is estimated to be comprised
of 40% 3d spin density and 60%%uo 3d orbital density.
However, in the LSDW phase, the contribution to the
scattering from the orbital magnetization is identically
zero; including the orbital moments in the calculation
will only serve to increase the ratio of Eq. (1). Thus, the
disappearance of the signal at TsF is simply explained in
terms of the polarization dependence of the x-ray
magnetic-scattering cross section. It is also worth noting

FIG. 4. (a) The intensity variation of the magnetic scattering
observed at the (2 —Q, O, O) satellite. At TsF =122 K, the trans-
verse polarization of the SDW is transformed to a longitudinal
polarization. The sudden decrease in intensity reflects the po-
larization dependence of the nonresonant cross section. These
data were taken on a bending magnet beamline at E =5.978
keV. Open circles were taken on warming from T=140 K,
filled circles on cooling from T=140 K. (b) The scattering
geometry. K; and Kf are the incident and outgoing wave vec-
tors, respectively. Q is the modulation wave vector and is paral-
lel to the scattering vector. In the transverse SDW phase, the
polarization is perpendicular to g and the cross section is dom-

inated by the component S'. In the longitudinal SDW phase
( T (Ts„) the polarization S is along g.
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with the value obtained from neutron scattering
(p, ) =0.43@~ at T=4.2 K. For the purposes of this
calculation, we have assumed that the magnetic and
charge Bragg peaks are both resolution limited. In this
case, the peak intensities are proportional to the scatter-
ing cross section and may be used in Eq. (2).

We also looked for resonant enhancements in the scat-
tered intensity at (Q, O, O) in the vicinity of the Cr K edge
at E =5989 eV. This is the only edge accessible at this
momentum transfer. Large enhancements in the intensi-
ty of the magnetic scattering are possible when the in-
cident photon energy is tuned through an atomic transi-
tion, a process known as resonant exchange scattering.
In such a situation, the scattering is a two-step process.
The incoming photon excites a core electron into a mag-
netic (or exchange split) valence state, which subsequent-
ly decays via the emission of an elastically scattered,
coherent photon. The size of the enhancement is deter-
mined by the lifetime of the excited state and the overlap
between the core and valence levels. Particularly large
enhancements have been observed at the L edges of the
heavy rare-earths and transition metals ' ' and at the M
edges of the actinides. ' A weak resonance has been ob-
served at the K edge of Ni.

The measurements were performed by scanning the in-
cident energy while moving the spectrometer angles to
maintain a fixed scattering vector. The Quorescence sig-
nal was simultaneously monitored by measuring the
background in the experimental hutch. The results of
such energy scans, taken at X25, are shown in Fig. 5.

The solid line denotes the fluorescence and the open cir-
cles the scattered intensity at (Q, O, O). For comparison
purposes, the charge scattering at (2Q, O, O), where large
resonant enhancements are not expected, is also shown.

Qualitatively, the intensities of both peaks are roughly
constant below the edge, falling sharply as the K edge is
reached and the absorption increases. Immediately above
the edge, the peak remains very weak in both cases.
There is no evidence of any significant enhancement of
the magnetic signal in the vicinity of the K edge. This is
not surprising in view of the small overlap between the
highly localized 1s and extended 4p oribtals and is con-
sistent with the weak enhancement observed at the K
edge in Ni.

IV. CHARGE SCATTERING

10'
Cr (H, o,o) T=140K

A longitudinal scan along the (h, 0,0) direction, paral-
lel to the surface normal is shown in Fig. 6. These data
were taken at T =140 K on X22C at E =8000 eV and
are plotted on a semilog scale. The satellites at q =1.910
and q =2.099 rlu are the second harmonic, CDW satel-
lites (2Q, O, O) and (4—2Q, O, O), respectively. In addition,
there is a second set of satellites at q = 1.816 and

q =2. 194, which may be indexed as the fourth-harmonic
satellites (2+4Q, O, O) and (6—4Q, O, O), respectively.
From the data of Fig. 6 and similar scans, one may
deduce the domain structure of the CDW state and the
amplitudes of the Fourier components. We first discuss
the domain structure.

It is well known from neutron-scattering experiments
that pure chromium forms a "poly-Q" domain state
below T&, in which different regions of the sample select
diFerent [100] cubic axes for the direction of Q.~ How-
ever, the entire sample may be driven into a single-Q state
by cooling through the Neel transition in the presence of
either a magnetic field ' or a tensile stress applied
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FIG. 5. The variation in the diffracted intensity at the mag-
netic SDW peak (top panel) and the charge CDW peak (bottom
panel) as the incident x-ray energy is scanned through the Cr K
edge. No resonant enhancement of the magnetic signal is ob-
served. No corrections have been made for absorption.

FIG. 6. A longitudinal scan in the vicinity of the (200) Bragg
peak taken on a bending magnet beamline. 2Q and 4Q satellites
due to the CDW are observed. Note the scale is semilogarith-
mic. On this scale, the magnetic intensity at T = 140 K is about
the same magnitude as that of the 4Q satellite (see Fig. 4).
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along a cubic axis.
A survey of the accessible satellites of the (200), (220),

and (310) Bragg peaks was carried out to ascertain the
domain structure of the near-surface region as probed by
x rays. These experiments were undertaken at 8 keV for
which the absorption length is 5.3 pm, corresponding to
a penetration depth of 1.4 pm at the symmetric (200)
reAection. The results are consistent with the existence of
a single-Q state in this volume, with Q normal to the sur-
face. Specifically, the satellite intensities at (2Q, O, O) and
(4—2Q, O, O) were strong and equal to about 30 000
counts/s at a ring current of 200 mA and T =20 K. In
contrast, the satellites at (2,2+2Q, O) and (2, 2 —2Q, O),
and (2, 0,2+2Q) and (2, 0, 2 —2Q), while observable, were
considerably weaker, each with intensities of -2
counts/s. As discussed below, the intensity of a satellite
due to a strain-wave distortion varies as ~ [(q 5/2] [Eq.
(4)], where 6 is the amplitude of the sine-wave distortion
and is parallel to Q, and q is the momentum transfer. It
follows that the off-specular satellites around the (200),
which correspond to domains with Q oriented nearly per-
pendicular to the mornenturn transfer, are reduced in in-
tensity by the geometrical factor —sin (0.1/2) =,~.
Thus, if all three Q domains were equally populated, off-
axis peak intensities of -75 counts/s would be expected.
This is significantly more than observed, which suggests
that the domains with Q in the plane of the surface are
underrepresented. To confirm the single-Q nature of the
CDW state, the satellites around the (220) Bragg peak
were studied. In this case, the geometrical factors for the
satellites in the scattering plane are approximately equal.
Although the intensities are weaker, because of the near-
grazing angle geometry, only the (4—2Q, 2, 0) and
(2Q, 2, 0) peaks were observable at 2500 and 350
counts/s, respectively, consistent with only Q domains
being present. Similarly, strong peaks at (5 —2Q, 1,0)
and (1+2Q, 1,0) were observed. We conclude that a
single-Q state exists in the near-surface region, with Q
normal to the surface and that the other domains occupy
-3% of the probed volume. Scans of the sample across
the incident beam suggests that the spatial extent of the
domain structure is ~ 1 X 1 mrn .

One possible origin of the single-Q state is the residual
stress left from the mechanical polishing process. Bastow
and Street found that a tensile stress of 0.5 kgmm
was sufficient to drive a crystal into a single-Q state.
However, over the small volume observed here, the re-
quired stress is likely to be significantly smaller, con-
sistent with the lack of any observed shift in T& from the
bulk, unstrained value. In fact, the volume probed is sub-
stantially smaller than a typical domain volume in a poly-
domain sample, as estimated by neutron topography, of
10 —10 cm . It is also conceivable that the orienta-
tion of the SDW with respect to the surface plays a role.
For the observed domains, the polarization lies in the
plane of the surface. This is consistent with it being ener-
getically unfavorable for the ordered moment to be
oriented along the surface normal direction. Such sur-
face anisotropy in the domain structure has been ob-
served previously, for example, in NpAs.

We now turn to a calculation of the Fourier amplitudes

+ 5(q+4Q —G) .
q.h.4

2

These terms do not interfere and the observed intensities
just depend on the squares of the amplitudes. Note that
including higher-order corrections of order Az and h4 in
the expansion of the exponential, gives rise to additional
harmonics at 2nQ and 4nQ, respectively. From Eq. (4),
valid in the kinematic limit, the ratio of the integrated in-
tensity of the (200) Bragg peak to that of the (2Q, O, O) sa-
tellite is

2
q h~I2Q (5)

I200 2

for a single-Q state. Expression (5) ignores the difference
in the Debye-Wailer factors of the two peaks. Since the
Q vectors differ by only S%%uo, and the Debye temperature
is -500 K, phonon contributions will be essentially iden-
tical. Phason modes, on the other hand, will contribute
to the CDW Debye-Wailer factor and may, in principle,
be large. We have assumed that the phason modes are
e6'ectively frozen at these temperatures and do not in-
clude them here. In support of this assumption, we note
that rneasurernents of the lattice distortion made at
T =20 K gave similar results as those obtained at
T =140 K. Equation (5) also holds only for integrated
intensities. However, without a detailed knowledge of
the resolution function, it is not possible to accurately
calculate these. Instead, we have compared the peak in-
tensities and adjusted the error bars to account for the
fact that the CDW peak is 30% broader than the Bragg
peak in the longitudinal direction. From the observed
value Iz&/Igloo=8. 4X10, we find that (b2/a)=1. 5
+0.2X 10 at T =140 K, where we have taken the aver-
age value as calculated from both 2Q peaks with ap-
propriate error bars. This procedure averages out the q
dependence of the atomic form factor, assuming it is
linear over this small region of momentum transfer. This
value for (b,2/a) agrees favorably with the neutron deter-
rnination of Pynn et al. of 1.3+0.3X10 at T=200
K, which extrapolates to (b,2/a)=1. 45 +0.4X10 at
T =153 K. However, it disagrees with the x-ray deter-
rnination of Tsunoda et al. who obtained
(bz/a ) =2.5+0.5X 10 at T =153 K. We believe that

of the CDW. Interpreting the satellite peaks as arising
solely from a static strain-wave distortion propagating
through the lattice, we estimate the amplitudes of the
Fourier components of the strain wave from the ratio of
the Bragg-peak intensity to the appropriate harmonic

iq r.
peak. The structure factor, F (q) =g~e ' may be calcu-
lated by writing the position of the jth atom as

r =r +h &sin(2Q r . ) +h 4sin(4Q. rj. ), (3)

where r. is the equilibrium, undistorted position and 62
and A4 are the second and fourth Fourier components,
respectively. In the limit of A2, 64&&a one may expand
the exponential and obtain, to first order in 52 and h4,

q h2
F(q) =5(q —6)+ 5(q+2Q —6)

2
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this discrepancy arises entirely from the latter's assump-
tion of equal populations of the three Q domains. In fact,
the observed intensity ratio of Tsunoda et al. is identical
to ours, suggesting that their sample may also have been
in a single-Q state. This explanation has been previously
advanced to explain the discrepancy between the x-ray
and neutron results and by Tsunoda as quoted in Ref.
27.

A pure sine-wave distortion will also produce
diffraction harmonics at 4Q, as noted above. However, in
this case, the intensity of the fourth harmonic will be
=

—,'[(q b2)/2 =0.5 counts/s, much less than the ob-
served 10 counts/s. Thus, the relatively large 4Q peaks
signal the presence of a second Fourier component in the
CDW at twice the frequency of the fundamental. The
amplitude may again be calculated from the intensity ra-
tios, from which we obtain (b,4/a) =2.8+0.2X10, at
T =140 K, once more averaging over the two observed
satellites. We note that this implies b.4/b, 2=1.9+0.3
X10 at T=140 K, the same amplitude ratio as ob-
served for the two magnetic harmonics,
M3/Mi =1.8X10 at T =144 K. [This is an extrapo-
lation of the measured ratio 1.65+0.05 X 10 at T =200
K (Ref. 33).] It is not obvious why the two should agree.
For example, it is not true for the simple case in which
the CDW is proportional to the square of a SDW of the
form A sinx +B sin3x. Although both b.4/b, 2 and

M3 /M
&

decrease as the temperature is increased, they
will remain equal as long as the mean-field scaling of the
harmonics is obeyed (Sec. V). A search was carried out
for the sixth harmonic at (8—6Q, O, O), but no evidence
for a peak was seen after counting for a total of 3 min a
point. The background was 0.5 counts/s.

The width of the CDW peak, when deconvolved from
the experimental resolution, provides a measure of the
phase-phase correlation length of the density wave. Vs-
ing the (200) Bragg peak as an upper bound on the resolu-
tion at (2Q, O, O), we may obtain an upper bound on the
correlation length. Fitting to a Lorentzian-squared line
shape convolved with a Lorentzian-squared resolution
function we find g= I/x. =3300+40 A at T = 140 K. This
finite correlation length is smaller than that measured at
the SDW, and probably represents the effect of locally
pinning the phase of the CDW by defects in the lattice
(impurities or strains). That the relative role of defects in
pinning the phases of the spin- and charge-density waves
may differ warrants comment. We speculate that the
SDW, resident in the conduction electrons, may be able
to adjust to the presence of defects, at least those mani-
fested by ion core displacements, and hence preserve
phase coherence. However, the same defects will pin the
phase of the CDW and reduce its correlation length. One
might imagine that another contributing factor is the
component of the scattering at 2Q, which arises from the
density wave set up by the Coulomb repulsion between
the hole surfaces. This interaction will be disrupted by
charge defects, whereas the SDW, arising from a
Coulomb pairing of electrons and holes of opposite spin,
scatters from magnetic impurities. It seems plausible
that these two mechanisms could result in different corre-
lation lengths. If the phase coherence of the CDW is re-

lr(T) =rra+ b, T,d (25)
(6)
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FIG. 7. Temperature dependence of the undeconvolved lon-
gitudinal widths of the (Q, O, O) SDW (open circles) and the
(4—2Q, O, O) CDW satellites (filled circles). Note the different
vertical scales, due in part to the minimum in the longitudina1
resolution width near the (Q, O, O) position. The solid line is a
model for the broadening were it to arise from an effective tem-
perature gradient, as discussed in the text. The dotted line
represents the width of the (200) chemical Bragg peak referred
to the left-hand vertical scale, and may be taken as an approxi-
niation of the resolution width at (4—2Q, O, O).

duced, it need not correspondingly reduce that of the
SDW because the coupling between the two is not linear,
but quadratic. This means that, for example, a 10%
reduction in the CDW order parameter would only result
in a S%%uo reduction in the SDW order parameter.

In Fig. 7, we plot the half-width at half maximum
(HWHM) of the raw (undeconvolved) data from the
(4—2Q, O, O) CDW and the (Q, O, O) SDW peaks versus
temperature. As the temperature is increased, both the
CDW and SDW peaks broaden. In addition, the CDW
peaks move toward the Bragg peak. For the (2Q, O, O) sa-
tellite, this shift also coarsens the longitudinal resolution,
complicating the analysis of the data [as was the case for
the SDW at (Q, O, O)]. In contrast, the (4—2Q, O, O) satel-
lite, plotted in Fig. 7, moves towards the nondispersive
geometry and the resolution improves. Any observed
broadening cannot then be a resolution effect.

Before interpreting the temperature dependence of the
peak widths, there is one other experimental artifact that
must be considered. As the temperature is raised, the
rate of change of the peak position increases (Fig. 3). If,
in the volume probed, there is a range of effective sample
temperatures (caused, for example, by a strain gradient)
then for a fixed cryostat temperature a range of observed
incornmensurabilities will be manifested, i.e., a peak
broadening. Further, as the rate of change of the peak
position increases, the peak broadening increases.

To take into account such effects, we have attempted
to model the temperature dependence of the CDW width
as
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where &co is the low temperature width, hT is a constant
effective temperature range, and d 6/d T is the
temperature-dependent rate of change of the incommen-
surability, determined by numerically differentiating the
peak-position data. The solid line in Fig. 7 is the result of
the model calculation with AT=0. 15 K. We find that
such a description works well up to T=250 K, but at
higher temperatures the width of the (4—2Q, O, O) CDW
peak continues to broaden beyond that expected for a
constant hT.

Similar line-shape broadening has been observed in the
CDW compound KQ 3Mo03 in the transverse direction,
as the transition is approached from below. More re-
cently, DiCarlo et aI. observed broadening in both longi-
tudinal and transverse directions in Ta-doped NbSe3.
These authors found that the transverse correlation
lengths vary as the square of the order parameter, in
agreement with weak pinning predictions of Fukuyama,
Lee, and Rice. ' They suggest that fluctuations in the
Ta impurity concentration pin the phase of the CDW.
As the amplitude of the CDW decreases, the relative
strength of the pinning potential increases and the
phase-phase correlation length decreases. It is plausible
that a similar situation holds in Cr with the role of Ta im-
purities being played by structural defects or other im-
purities.

V. TEMPERATURE DEPENDENCE
OF THK HARMONICS

In their original work, Pynn et al. discovered that
the intensities of the first three harmonics obeyed mean-
field scaling, at least for T&220 K. That is, the intensi-
ties of the respective harmonics follow I3& ~I& and
I2& ~ I&. Below T =220 K, the relationship continued to
hold for the 2Q CDW satellite, but the intensity of the 3Q
harmonic was found to saturate. These workers under-
stood the origin of the harmonics of the SDW in terms of
a phenomenological Landau expansion of the free energy.
Retaining only the symmetry allowed couplings between
the independent order parameters, M&, 62, and M3, and
minimizing with respect to these amplitudes, leads to the
mean-field scaling I„&~ I& for small M&.

With the discovery of the 4Q harmonic reported above,
we are presented with the opportunity of testing this scal-
ing to the next order of the Landau expansion. In Fig. 8,
we plot the intensities of the 4Q and 2Q satellites raised
to the appropriate power, together with the neutron-
scattering data of Werner, Arrot, and Kendrick for the
fundamental SDW satellite taken on a single-Q sample.
These data have been normalized to unity at T = 150 K
and, where appropriate, a small constant temperature
offset has been included to allow for differences in the
thermometry of the various data sets. (In all cases, this
was less than 2 K.) As may be seen from the figure, the
4Q harmonic, unlike the 3Q harmonic, appears to obey
mean-field scaling down to T =140 K, the lowest temper-
ature studied in this aspect of the work. The unscaled in-
tensities are plotted in the inset of Fig. 8, and demon-
strate that the density wave becomes more sinusoidal as
the temperature is raised.
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FIG. 8. Scaling plot of the order parameters. The filled tri-
angles are the neutron-scattering data of Ref. 53 taken at
(Q, O, O) on a single Q sample and normalized to unity at T = 150
K. The open circles represent the intensity of the second-
harmonic CDW, again normalized to unity and raised to the
power 0.5. The open triangles are the fourth harmonic, sirnilar-

ly normalized and raised to the power 0.25. Such simple scaling
of the harmonics is predicted within mean-field theory. The in-
set shows the unscaled intensities normalized to unity at
T-= 150 K.

Interestingly, the x-ray magnetic-scattering intensities
(Fig. 4) do not have the temperature dependence of Fig.
8, although they are in approximate agreement with mag-
netic neutron data taken on multi-Q samples of chromi-
um. ' Such a discrepancy between multi-Q and single-

Q temperature dependences is well known and has been
attributed to a redistribution of the spectral weight be-
tween the magnetic satellites. If correct, this explana-
tion implies that the x rays probe a multi-Q state at
(Q, O, O) for which the penetration depth is 3.9 pm at 6
keV and a single-Q state at (2Q, O, O) when the penetra-
tion depth is 1.4 pm at 8 keV. In principle, this idea
could be tested by comparing the temperature depen-
dence of the order parameter obtained for reflections at
large and small momentum transfer, corresponding to
larger and smaller penetration depths, and as a function
of incident photon energy.

It is worthwhile to compare the scaling of the harmon-
ics in chromium with other systems with incommensu-
rate modulations. We collect here some recent results and
note the appropriate universality class, as determined by
the dimensionality of the order parameter n and the spa-
tial dimension d. Together with chromium (n = 12,
d =3), mean-field scaling has been observed in the c-axis
modulated magnetic structures (n =2, d =3) of erbium
and thulium. '" In contrast, there are a number of sys-
tems that exhibit nonclassical scaling. These include the
spiral antiferromagnets ( n =4, d =3 ) holmium' and
dysprosium, and two incarnations of the 3d XY (n =2,
d =3) universality class, RbzZnC1& (Ref. 57) and the
smectic liquid crystal 7APCBB. All these latter systems
have been found to obey the 3d XY mulitcritical scaling
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theory of Aharony et al. , developed originally to model
the smectic-I to hexatic transition of the liquid crystal
8OSI. * In this theory, I„~I

&

" and o.„=n +
A, n (n —1) where A, =O. 3 for the 3d XFmodel and empiri-
cally A, =O. 22 for the n =4, d = 3 systems. ' '

We conclude this section by noting that the intensity of
the CDW satellite is unchanged on cooling through the
spin-Rip transition at Ts„=120 K (open circles in Fig. 8).
In addition, the width of the scattering remains constant
through TsF (Fig. 7). Such continuous behavior has been
observed previously and stands in contrast to the first-
order nature of the transition. It may shed light on the
nature of the spin-flip transition (see, for example, Ref.
61).

VI. SUMMARY

We have carried out a high-resolution x-ray scattering
study of the density waves of pure chromium. We observe
magnetic scattering at the first harmonic, which disap-
pears in the longitudinal SDW phase, consistent with the
polarization dependence of the x-ray magnetic-scattering

cross section. From the intensities of the various
second-harmonic peaks, we have determined the near-
surface region ( —1 pm) exists in an almost single-Q state.
The calculated amplitudes of the lattice distortion are in
good agreement with published values from neutron-
scattering experiments. A fourth harmonic of the density
wave is observed, and suggests that the CDW, like the
SDW, is not a pure sine wave. The temperature depen-
dence of the observed charge harmonics obey mean-field
scaling, unlike a subset of other incommensurate systems.
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