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Searching for charge density waves in chromium 
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Nagoya 464.01, Japan 
2 Department d Physic, Faculty of Science, Qaka Uniwsity, lbyonaka, Osaka 560, 
Japnn 
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Abstract. Searching for a charge density wave (mw) in pure ehmmium. the satellite 
refledon intensity mainly due to a periodic lattice dhrt ion  (or -in wave, SW) m.? 
carefully midied at EO K bf means of x-ray dibction The intensity ratio of sateits 
peaks amund the main Brags peak docs not Et the simple sw model. The dsaepancy 
iF mM by consideration of the coaislence of the sw and m w  having an amplitude 
d OMM.02 elechons/atom. The phase relation between the sw and (uw h also 
determined. The charge density distribution of the cmv s%ms to have greater atent in 
real space than that of the toal electrons. 

Observation of a charge density wave (CDW) does not usually involve a pure CDW but 
rather a periodic lattice distortion. We would like to observe the. pure component 
of a o w .  This attempt is the first step in making the origin of the ‘CDW’ phase 
transition clear. 

Chromium is well known to have a spin density wave (SDW) state below 310 K, 
in which the spin density ~ r i e s  sinusoidally in space. The period of the SDW is 
incommensurate and the wave vector Q is determined by the nesting of the Fermi 
surfaces. By means of x-ray dif€raction, the present authors and colleagues [l] 
observed incommensurate satellite reflections whose period is one half that of an SDW 
instead of having the same period. Its origin is caused by the periodic longitudinal 
lattice modulation (strain wave, sw) like the condensation of the longitudinal acoustic 
phonon mode [l-31. The propeq of the sw has also been reviewed by Fawcett 
[4]. There are two theoretical propositions as to the cause of the sw. One is the 
exchange stridon model of lkraoka and Kanamori [SI. This point of view is that 
the magnetic phase transition is important. The sw is interpreted as the result of 
the incommensurate SDW. The other is the two-band nesting model developed by 
Nakajima and Kurihara [6], Kotani [7l and Hirai [8]. In their models the o w  is 
equal in importance to the (magnetic) phase transition and the sw is produced by 
the CDW. 

The purpose of the present study is a search for the mw in the limited sense, 
which makes an asymmetric contribution to the satellite intensities on both sides of 
the main Brag peak. 
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Let us mnsider the case that both phase modulation (= sw) and amplitude 
Cr is well described as a modulation (= CDW) mexist in pure Cr. As the SW 

trigonometric function, the atomic position vector rj  can be written as 

r j  = r ! + ~ s i n ( z q . r y )  (1) 

where q = 2 x / a  - Q, and a is a lattice constant. A, Q and ry are respectively 
a displacement amplitude which is the parallel to Zq, the wave vector of the SDW 
and a position vector of the j th  atom in a paramagnetic state. Therefore, using 
equation (l), the lattice spacing ti is written as 

l, = ( t j + , - l j ) / Z + ( l j  - l j - , ) /2= a t A ' m s ( 2 q . r ; )  (2) 

where A' (= Asin(2qa)) is the amplitude of the lattice spacing modulation. If 
CDW occurs, the atoms having the maximum lattice spacing should have maximum or 
minimum amplitude of charge. In short, the modulations of the CDW and the lattice 
spacing are in phase. Using the same phase factor given by equation (2), the total 
charge of the j t h  atom can be written by adding the CDW as 

pj( . )  = pu(r) t dr)ms(2q-r ,O)  (3) 

where Po(.) is the (averaged) electron density distribution function of Cr without 
the CDW and a(r )  is the amplitude of the charge modulation. The phase relation 
between the sw and CDW has been determined uniquely as shown schematically in 
figure 1. In this paper, the maximum (positive) value of the o w  means that Cr 
atoms having the maximum lattice spacing have the excess electrons of the CDW, and 
the minimum (negative) spacing means that they have the deficit electrons. 

Substituting equations (1) and (3) into the expression for the structure factor, we 
obtain the x-ray scattering amplitude Fj of the j th  site as 

F j  = p j ( r ) " p ( i K - r j )  

Y { p u ( r ) + u ( r ) m s ( 2 q . r ~ ) } { l + i K . A s i n ( Z ~ . r ~ ) } " p ( i K ~ r ~ )  

Y p u ( r )  exp(iK o r ; )  t fu(r){exp(i(K + ~ q )  *r;)  + exp(i(K - ~ q )  ry)} 

+ $K*Apo(r){exp(i(K+2q) . r j ) -exp(i(K-2q) . ry)} 

= pO(r)exp(iK-rp)+ ~{po( r )K .A+a(r ) ) t?xp( i (K+2q)  .r;)  

(4) 
+ f { - p u ( r ) K - A + o ( r ) } e x p ( i ( K - 2 q ) . r j ) .  U 

Here we have made the reasonable approximation of putting Iu(r)/p"(r)I U 1 
and IK. AI U 1. We have neglected the higher harmonic terms of the sW 
for simplicity. The x-ray scattering amplitude is obtained in the summation of 
equation (4) with all sites of Cr atoms. As the result of interference between both 
waves, we obtain the x-ray scattering intensity I as 

I = Ip'(K)12S(K - T )  

+ : Ip"(K)K-A + a(K)I26(K+ 2q - 7 )  

+ ~ ~ - p U ( K ) K . A + o ( K ) ~ Z S ( K - Z q - ~ )  
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Figare t Schematic model of the phase Elation beween the strain wave (sw) and the 
charge densiy wave (CDW). The atoms having the maximum lattice spacing have the 
madmum amplitude of m w  in this Iigute. 

where T is a reciprocal lattice vector in a paramagnetic state, and 

Here, the first, second and third terms in equation (5) are representative of the main 
B r a g  reflection and the primary inside and outside sate:lite reflections, respectively. 
N is the total number of unit cells. pu(K)  and o ( K )  are the Fourier transform of 
p 0 ( r )  and u(r) .  respectively. We haw adopted the Debye temperature and pu(K) 
reported by Diana and Mazzone 191. Thus, as a result of interference between both 
waves, the calculated intensity ratio of the satellite peaks around the main Brag 
reflection at T is witten as 

where K+ and K-, given by T + Zq and T - Zq, are reciprocal lattice vectors of the 
primary inside and outside satellite reflections, and B and X are the Debye-Waller 
factor and the x-ray wavelength. e+ and 8- are the B r a g  angles of K+ and K-, 
respectively. 

Further correction of the Lorenu polarization factor for a partially polarized x- 
ray is essential. We have ignored the secondary extinction correction as the satellite 
intensity is too weak The calculated intensity ratio R(T), which we may compare 
with the experimental result, is written (after correction of the Lorentz polarization 
factor) as 

R ( T )  = - - Ipu(K+)K+ 'A + u(K+)~ze~(-2B(sine+/X)2)L(B+,eM) 
Wi-1 - IPU(K-)K- - A  - ~(~-)12exp(-LB(sine-/X)~)L(B-,e~) 

0 
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where 0, is the Bragg angle of the monochromator. L(O,O,) is the Lorentz 
polarization correction factor for an x-ray with respect to the direction of the 
monochromator surface and the Bragg angle 0 of the specimen relative to the 
direction normal to the flat surface. The x-ray absorption factor due to the specimen 
shape effect must also be added to the correction in the case of both satellites not 
sitting on the same 8-28 scanning direction. Therefore, the study was restricted 
to memwement around the Tao and 400 reflections, being almost independent of 
correction. Moreover, the reappearance of the results has been confirmed by the 
study using several different x-ray hitting positions for several specimens. 

The intensity ratio R ( r )  of two peaks around the 200 reflection, for comparison 
with the experimental data, is calculated to be 0.942 using equation (7) after the 
consideration of the atomic form factor, Lorentz polarization factor and Debye 
Wller factor, assuming o ( K )  = 0 and A = 0.0020 which 6 a value reported by 
previous authors 11-31. The intensity ratios of satellite peaks around some Bragg 
reflections calculated in two typical cases, ‘no mw’ and ‘mw(O.Ol)’, are shown in 
table 1. Given there are the calculated intensity ratios in the cases of 0 and 0.01 m w  
electrons/atom, respectively, behaving similarly to the total Cx electrons coexisting 
with the sw. The upper and lower values in the same column correspond to the cases 
in which 0 atoms having the maximum lattice spacing have the maximum amplitude 
of CDW, and vice versa. 

lbbk L Qllculated intensig ratios R(T) d satellite p k s  around main Brag rrAedaw 
‘Ding equation (7) and the values fmm [q Celt-hand mlumns) with CU KO1 (?do KOt) 
radiation. ’sw only’ and ‘cDw(O.01)’ indicale the intensity ratios calculated on the 
a m p t i o n  that the mw amplitudes are 0 and 0.01 deetromlatom, respectively, with 
the Same form factor as thc tofal dcdmns d Cr mexisting with the sw d A = 0.0020. 
”he upper and bwcr values (sw+mw) “spond to the cases that Cr atoms having 
thc maximum lattice Spacing have the maximum amplitude d CDW and vice wma. liu 
right-hand columns are mlfulated using equation (7) and the scattering amplitudes from 
1101. 

Calculated with values from p] 
200 400 200 400 

Calculated wiul the values from PO] 

swooly 0.942 (0.~1) (0.941) 0.925 (0.943) (0935) 
sw+mw(o.ol) 0.882 (0.899) (0.911) 0.865 (0.m) (0.W) 
sw+mw(-0.01) 1M7 (1.027) (0.973) 0.988 (LOOS) (0.967) 

Single crystals of Cr grown from the vapour of chromium iodide were used. The 
sample surface vias cut with a diamond cutter to be normal to pOO] within an error 
of lo. As the magnetic properties of 0 are very sensitive to strain, the cut surfaces 
should be removed. Therefore, they were heavily etched with a dilute HNO,-alcohol 
solution, keeping the surface as flat as possible. This is important for the correction 
of the Lorentz polarization factor and specimen shape effect But the samples still 
had considerable surface roughness. The study was carried out with a conventional 
double-circle diffractometer, using Cu Ka, and MO Ka, radiations monochromated 
with pyrolitic graphite. The x-ray generator with a the-focus x-ray tube was used at 
45 kV and 25 mA. In order to reduce thermal diffuse scattering, a fine collimation 
system was used. A slit of 0.2 x 3.0 nun2 was set at 250 mm behind the specimen. An 
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aluminium filter with suitable thickness was utilized in order to eliminate the strong 
fluorescence in the study using Cu KO! radiation. The sample was cooled by blowing 
mld Nz gas and kept at 150*0.2 K Samples with surfaces normal to [lo01 were 
used for measurements around the Mx) and 400 reflections. 
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Flgum 2 m e  intensity profiles of the @"a satellite teflectiolls amund the ZM) 
reflemion observed at 150 K with a 8-28 a n n  using Cu Kal radiation. A small bump 
at the higher angles ir due to the same satellite reflection iy the Cu Kmz. 

Figure 2 shows the intensity profiles of both satellite reflections observed around 
the UM reflection This pattem was obtained by 8-28 step scanning using Cu KCY, 
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radiation. A small bump at the higher angles is due to the same satellite reflection 
by Cu Ka, radiation which was minimized using the fine-slit system. The observed 
intensity ratio R(200) is 0.907 f 0.007. Figure 3 shows the intensity profiles of both 
satellite reflections observed around 400. This pattern was obtained by the same 
scanning using MO Ka,. The observed intensity ratio is 0.934 & 0.010. The observed 
intensity ratios of the satellites around the main reflections are summarized in table 2 
as the study with several samples. All the observed intensity ratios are less than 
those estimated from the model with u ( K )  = 0 (SW only). This strongly suggests 
the existence of a charge density w v e  modulation in Cr below the N6el temperature. 
The phase relation between the sw and cDW is like the case where Cr atoms having 
the maximum lattice spacing have the maximum amplitude of ow. 

lhbk 2 Ohserved intensity ratios R ( r )  d satellite peaks around the main Brag 
refledions with Cu K a l  (MO K n l )  ladialion at EO K I b e  ermr was estimated 
slalistically. 

Reflection Obrerved R ( r )  
m agiz*o.oio 0.907fO.OW 0.907fO.Ml7 (0.9WtO.010) 

f0.930*0.010> 

The parameter u ( K )  can be determined inversely from the intensity ratios 
summarized in tables 1 and 2 Figure 4 shows the observed u ( K ) ,  the so-called form 
factor of the o w ,  deduced from the experimental data and the left-hand columns of 
table 1. Solid and open circles are the measurement points using Cu Ka, and MO 
Ka, radiations, respectively. The dotted curve is the form factor of total electrons 
of Cr normalized at u(0) = 0.006 [9,10]. The solid curve is the same for the 3 
electrons normalized at u(0) = 0.013 [lo]. The observed form factor seems to be 
between these form factors. The phase relation between the sw and o w  does not 
depend on the model, but the amplitude of the CDW depends on the amplitude of the 
sw and the scattering amplitude of Cr as shown in table 1. Therefore, it is dificult 
to estimate the amplitude and the form factor of the CDW accurately. 

In summary, the measurement of the satellite reflection intensity in Cr was carried 
out carefully at 150 K, with results as follows. In order to observe the small ow, the 
asymmetric contribution to the intensity of satellite reflection depending on the side 
was artfully utilized. This is due to the coexistence of both phase (sw) and amplitude 
(ow) modulations in a real incommensurate lattice system. The experimental result 
of intensity ratios strongly suggests the existence of the o w  modulation in Cr. The 
phase relation between the sw and o w  determined from the experimental data is 
that Cr atoms having the maximum lattice spacing have the maximum amplitude of 
ow. It may safely be said that the maximum amplitude of the o w  is estimated 
to be O.Oou).OZ electronslatom from the present data, although the value mainly 
depends on the x-ray scattering amplitude of Cr as shown in table 1. The charge 
density distribution seems to have greater extent in real space than that of the total 
electrons. 

Measurement around the 110 reflection was also done using the sample with 
a [llO] surface, but the values of the intensity ratio varied, being sensitive to the 
sample surface. We must be careful about the value of the o w  amplitude because 
the estimation depends sensitively on the correction factors. The most serious source 
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of ambiguity in the most important experimental result R(110) mmes from the 
mrrection of the x-ray absorption factor. This sample shape mrrection mnilicts with 
the need for heavy etching in order to remove the stressed surface. One method to 
avoid such corrections may be conducting the experiment using a stress-free sample, 
whose size is less than the absorption mnstant. 

In order to determine the character of the mw, many more x-ray studies are 
necessary, though they are very difficult Moreover, the CDW is not produced only in 
the case of the latter theory 16-41, but may also be produced in the former [SI, as the 
rearrangement of the charge probably exists as the result of the sw caused by SDW. 
This makes the discrimination of theories more difficult Knowledge about the CDW 
is very important for the good understanding of the ground state of Cr. 
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