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The influence of uniaxial deformation that causes intervalley redistribution and of the crystal temperature 
on the magnetic field at which the helical instability is eliminated is investigated experimentally and 
theoretically. The elimination of the instability in strong magnetic fields ( 0 , ~  > 1) is due both to the onset 
of an ambipolar drift of helical perturbations and to the limited dimensions of the sample in the direction 
of the current. Depending on the crystal temperature, which determines the ratio of the electron and hole 
mobilities, uniaxial compression and tension strains of the crystal in the direction of the applied field can 
lead to both an increase and a decrease of the ambipolar mobility in strong magnetic fields. The magnetic 
field at which the instability is eliminated decreases or increases accordingly. The experiments were 
performed at crystal temperatures 77 and 140 K (at these temperatures the electron and hole are in an 
inverse ratio) and in magnetic fields up to 30 kOe. The results of the calculations agree with the 
experimental data. Thus, this study demonstrates for the fmt time that the drift mechanism which occurs 
even in a quasineutral plasma, can be used to eliminate helical instability in strong magnetic fields. 

PACS numbers: 72.30. +q 

1. The effect of helical instability in an electron- 
hole plasma (oscillistor) was experimentally discovered 
by Ivanov and Ityvkintl' in experiments on germanium 
samples placed in sufficiently electron @) and magnetic 
(H) fields parallel to each other. The results  of Ivanov 
and Ryvkin's experiments were explained by Glicks- 
mant2' within the framework of the Kadomtsev-Nedo- 
spasov theoryL3' of helical instability. It is knownt4' 
that this instability ar ises  if the value of the drift flux 
of the carr iers  (r,) in a constant magnetic field and in 
the electric field of the wave exceeds the combined dif- 
fusion (r,) flux and the flux of the ambipolar drift of the 
perturbations (r,) in a constant electric field. The ab- 
solute-instability condition corresponding to excitation 
of the oscillistor i s  of the formL4' 

In the case of intervalley redistribution of the elec- 
trons, when the anisotropy of the mobility manifests it- 
self strongly, the ambipolar drift of the helical pertur- 
bations occurs even in a quasineutral plasmac5] ( n = p ,  
the electron and hole densities a r e  equal). A quasi- 
neutral helical perturbation can exist in this case only 
in the presence of ambipolar drift (the electron and hole 
fluxes of the perturbations a r e  equal). In the isotropic 
case, this drift ar ises  only a t  n # p  if the magnetic field 
is weakt4' (ai = H / c  << 1, where peVh a r e  the mobili- 
ties of the electrons and holes). Strong intervalley re- 
distribution of the electrons is produced in Ge when the ' 
crystals a r e  deformed along (111) axes. We recall that 
the equal-energy surfaces of Ge near the bottom of the 
conduction band are  described by four ellipsoids of rev- 
olution that a r e  elongated along the (111) axes. When 
the crystal is compressed, the electrons become re- 
populated into a valley elongated in the direction of the 

strain, and in the case of tension they leave the val- 
leys.L6' In the former case the averaged transverse mo- 
bility exceeds the longitudinal mobility (ji,, >Eel, ), since 
the electrons a r e  repopulated into a valley with a larger 
transverse mobility, while in the latter case we have 
jTell > jiel. It is assumed in these arguments that the di- 
rection of the strain is the same a s  that of the constant 
fields. 

In the subsequent analysis we shall use the two-valley 
model.L51 Within the framework of this model i t  is as- 
sumed that the electron gas consists of two ensembles, 
in which the electrons have different mobilities along 
and across the electric field. In the f i r s t  ensemble pll 
and pL a r e  the mobilities corresponding to the long and 
short axes of the individual ellipsoids of revolution. 
This ensemble is the equivalent of a valley elongated 
along the strain axis ((111)). In the second ensemble, 
the corresponding mobilities a r e  p,,  ,, and klerr. It is 
easy to show that in this ensemble, which is the equiva- 
lent of the remaining three valleys, we have 

The anisotropy of the hole mobility is realized at much 
larger  crystal deformations, and will henceforth be dis- 
regarded. 

We have shown earlierLs1 (theoretically and experi- 
mentally) that in weak magnetic fields (a, << 1) the oscil- 
listor excitation threshold, which is determined by the 
value of EH, always increases in a quasineutral plasma 
both when the Ge crystals a r e  stretched o r  compressed 
along an (111) axis. This is easily understood, since 
the criterion (1) of absolute instability of helical waves 
does not depend on the direction of the ambipolar drift. 
We note that in this case the ambipolar drift of the heli- 
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cal perturbations is directed towards the hole drift and 
the electron drift, respectively, when the crystal is 
compressed o r  s t r e t ~ h e d . ~ ~ '  

Let us examine this question in greater detail. The 
calculation of the ambipolar mobility for  an  anisotropic 
plasma can be easily carried out with the aid of the mo- 
tion and continuity equations for the electrons and holes. 
The corresponding expression is 

where Fell , Fhll and Eel, EhL a re  the averaged mobilities 
of the electrons and the holes along and across  the elec- 
t r ic  field, respectively, while k,, and k, a r e  the wave 
vectors characterizing the inhomogeneity of the quasi- 
neutral perturbations (n' -fit). It follows from (3) that 
if the holes a r e  isotropic (jihL/,iihll = 1)  and n =p, then 
the ambipolar drift is directed towards the hole drift 
a t  jie,/jiell> 1 (compression of the crystal) and of the 
electrons at jie,/ii,,,< 1 (tension). In the case of equal 
degrees of anisotropy of the electrons and holes (jie,/ - 
pel= jihL/jihII) and n =P we have F,= 0. 

In strong magnetic fields (a, >> 1)  the mobilities of 
both the electrons and holes a re  anisotropic, naturally, 
also in the absence of deformation. If p h > p e ,  then par- 
ticle loss is in the direction of the hole drift, since &,/ - 
pel,= l/a:> GL/jihll= 1/a:, and in the electron-drift di- 
rection a t  p,< pe  . 

Inasmuch a s  in strong magnetic fields (a,  >> 1) the 
drift flux that causes the instability is r, - E/H, the on- 
se t  of ambipolar escape causes the threshold electric 
field, a t  which the oscillistor is excited, to increase 
with increasing magnetic field (this effect can be attrib- 
uted also to the limited length of the samplec1"). In 
weak fields (a, << 1) at the oscillistor excitation thresh- 
old we have E - 1 / ~  ['] and the E(H)  dependence should 
thus have a minimum (insert of Fig. 1). At a given 
value of the electric field intensity, the excitation of the 
oscillistor will take place in a definite magnetic-field 
interval (HI < H < Hz-the shaded region in the insert of 
Fig. 1). The value of the f i rs t  threshold field (HI) l ies 
in the region of weak fields, and that of the second (Hz) 
in the region of the strong fields. The oscillistor is ex- 
cited at H > H1 and is suppressed a t  H > Hz. At the point 
where the function E(H) has an extremum (Fig. 1) we 
have a, (He) = 1. In short samples, the value of the field 
Hz is smaller than in long ones,cT1 inasmuch a s  the role 
of the longitudinal diffusion becomes stronger in this 
case. With increasing ambipolar mobility, the field Hz 
should decrease, since the threshold E(H) dependence 
becomes steeper on the strong-field side. At liquid- 
nitrogen temperature ( T = 77 K) we have ph > pe  in ~ e " '  
and the directions of the ambipolar drift due to the an- 
isotropy of the electron mobility in a strong magnetic 
field and by the compression strain field will coincide 
(n=p).  When the crystal is stretched, the correspond- 
ing directions a r e  opposite and the ambipolar drift 
velocity decreases. Therefore, at a given electric field 

FIG. 1. Theoretical plots of the threshold magnetic field Hz 
against the strain (to the right-compression, to the left- 
tension). The solid curves correspond to a crystal tempera- 
ture T=77 K Ge/phc 0.8, ph~4 .104cm2/~-sec  and the 
dashed lines to T =I40 K (iie/ph e 1.4, p l o 4  cm2/v-sec), 
E =50 ~ / c m .  

the value of H, should decrease in compression and in- 
crease in tension. This effect should manifest itself 
most clearly in n-type crystals (nkp).  At a crystal 
temperature T > 100 K we have ph < pe  in ~ e [ "  and the 
situation changes. In this case the field H, should in- 
crease under compression and decrease under tension. 
The effect is most noticeable in p-type crystals (p Zn). 

The present study was devoted to a theoretical and ex- 
perimental investigation of the dependence of the second 
threshold field Hz (a(HZ) >> 1)  on the uniaxial deformation 
of Ge crystals in the (111) direction a t  different lattice 
temperatures T = 77 and 140 K. The experiments were 
performed under conditions of strong plasma injection 
(n=p) .  We note immediately that when the Ge crystals 
a re  deformed in the (100) direction and no intervalley 
redistribution takes place, the field H, should be inde- 
pendent of pressure. This fact was confirmed by us 
experimentally (Fig. 2, curve 1). 

2. The theoretical analysis was carried out for the 
case of a surface helical wavec4' within the framework 
of the two-valley model. The constant electric and 
magnetic fields were directed along the strain axis 
(111). The calculations were performed for a cylindri- 
cal sample with a small surface-recombination rate. 
We considered a potential, E'= - ~ c p '  and quasineutral, 
n i  +n', =pt, perturbation of the type A' =Al(?-) exp(iwt 
- im cp - ikz), where I m I = 1 (helical waves). The prime 
pertains to the perturbed quantities and the Roman num- 
ber labels the valley. 

The dispersion equation for an arbitrary magnetic 
field, obtained in analogy withc4', is of the form 

where Z1lz~Z(ylrz) a r e  modified Bessel functions of f i rs t  
order: 

y1,2 a r e  the solutions of the equation 
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FIG. 2. Experimental plots of 
the threshold magnetic field Hz 
against the strain: curves 1, 2- 
n-Ce (p=60 61-cm), T =  77 K, E 
= 60 V/cm, 3-p-Ge ( p  =50 61-cm), 
T = 140 K, E = 50 V/cm (right- 
hand scale). 

R is the radius of the sample; no and Po a r e  the equilib- 
rium concentrations of the electrons and holes. 

Using the method of Landau and L i f~h i t z ,~"  we can ob- 
tain with the aid of (3) a criterion of the absolute insta- 
bility of the helical waves: 

The expressions for the oscillation frequency and the 
wave vector a r e  

where 

In the derivation of (5) and (6) i t  was assumed that (Y: 

>> 1. The effects connected with the limited length of 
the sample were not taken into account ( L / R  >> 1). The 
ratio of the electron densities in the valleys is connected 
with the pressure P in the following mannerclol: 

where 2, = 18 eV (the deformation-potential constant) 
and cu= 0 . 6 7 ~  1012 dyn/cm2 (the elastic constants). It 
is easily seen that the ambipolar mobility differs from 
zero in the intrinsic plasma (no=p,) even in the absence 
of deformation (P = 0, n, /n,, = $). In this case pa = ph 
- iie (Fe= $ p,+ 5 p 11 ). Using the expressions for pa and 
(7), we can show that pa increases (decreases) in the 
case of compression (tension) of the crystal i f  ph > pe. 
These relations a re  most strongly pronounced in n-type 
crystals. At ph < jiTe the corresponding relations are  
reversed and manifest themselves most strongly in p-  
type samples. 

As seen from condition (5), a t  a given electric field 

there exists a threshold value of the magnetic field Hz, 
above which the criterion (5) is not satisfied, corre- 
sponding to elimination of the helical instability. As 
already mentioned, this effect is due to the onset of am- 
bipolar drift of the helical perturbations in the strong 
magnetic field. If ph>j ie ,  then the value of the field Hz 
should decrease when the crystal is compressed ( n a p )  
and increase under tension, this being due to the in- 
crease (decrease) of the ambipolar mobility. At p,< jT, 
the corresponding relations a r e  reversed. Figure 1 
shows the calculated dependences of the field H, on the 
strain for  different values of n/p. These calculations 
agree well with the foregoing qualitative analysis. 

3. The experiments were performed on single crys- 
tal of n- and p-germanium respectively with P300 K =  60 
W-cm and p,, .= 50 0-cm. Samples with dimensions 
1 x 1 x 20 and 1 x 1 X 7 mm were cut from plates oriented 
in the directions (111) and (100). The technology of the 
production and treatment of the samples is described . The block diagram of the setup is similar to that 
shown inc1". The experiments were performed with 
strong injection through the end-face contacts. The 
termination of the generation was determined by the 
vanishing of the alternating signal on symmetrical later- 
al probes. The experimental curves were plotted a t  
temperatures 77 and 140 K in order, first, to obtain 
plasma magnetization in a magnetic field up to 30 koe, 
by using the increase of the mobilities, and, second, to 
ensure a sufficient redistribution of the ca r r i e r s  at 
small deformations. 

Figure 2 shows characteristic experimental plots of 
the threshold magnetic field,H2 against the strain (com- 
pression on the right and tension on the left). It is seen 
that the qualitative course of the threshold plot agrees 
well with the theoretical ones. Unfortunately, the elec- 
tromagnets used in the experiments did not produce 
sufficiently strong magnetic fields in the large gap be- 
tween the pole pieces, so  that the plot 3 of Fig. 2 was 
obtained in a small  gap with short samples. As dis- 
cussed above, in short samples the field H, is smaller 
than in long ones,c71 a fact confirmed by experiment 
(compare curves 2 and 3 in the insert  of Fig. 2). 

The results show that elimination of the oscillistor ef- 
fect in strong magnetic fields is due not only to a re- 
alignment of the spatial structure of the wave in the 
short sample,C71 but also to the ambipolar drift, which 
is produced even in a quasineutral plasma. In long sam- 
ples this elimination mechanism predominates. This 
effect can ar ise  also in a gas plasma. 

In conclusion, we a r e  grateful to 0. G. ~ a r b e r f o r  in- 
teres t  in the work. 
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The temperature dependence of the electrical resistance p, due to the presence of dislocations is measured 
in aluminum samples of various purities. In pure samples the dependence is a step-like function. The 
introduction of ~ 0 . 1 %  of impurities suppresses the growth of p,. This effect of the additional resistance, 
on the temperature dependence which comesponds to an increase in the impurity concentration in the 
dislocation cores, may be due to a change in the scattering of the electrons by quasi-local defect modes. 

PACS numbers: 72.15.Qm 

A pronounced increase, over a comparatively narrow 
temperature range, of the additional electrical res i s -  
tance p,(T) due to  dislocations introduced in a crystal, 
has been observed in a s e r i e s  of metals: Cu, Ag, Au, 
Mo, ~n.['-'~ The increase in p,(T) turned out to be de- 
pendent on the length of the dislocation sections f r ee  of 
pinning points. The quantity r,, = [P,(T,,) - p A ( 0 ) ] / p A ( ~ )  
decreased with increase in the density of intersection 
point of the dislocation lines. The r( T )  dependence was 
studied in detail in samples of Cu and Mo having differ- 
ent dislocation structures; no effect of the presence of 
impurities on r ,  was observed. However, for  both 
these metals, the concentration of contaminant atoms 
along the l inear defects was unknown. The distance be- 
tween the impurity atoms located on the dislocation lines 
could be significantly grea ter  than the mean distance be- 
tween the dislocation interactions, and this, a s  a result,  
determined the growth of Y .  The fact  that one has man- 
aged to create in pure samples a structure with a high 
number of dislocations indicates the stability of the 
structure, independent of the dislocation pinning by the 
impurity atoms. 

It is therefore desirable to c a r r y  out s imi lar  mea- 
surements of p,(T) in a metal in which the stable a r -  
rangement of the dislocations (after plastic deformation) 

"depends very strongly on the presence of impurity atoms. 
Aluminum satisfies such requirements completely, since 
there  is a high probability in it a t  room temperature of 
displacement of the dislocations under the action of in- 
ternal  s t resses .  

The plastic deformation of pure polycrystalline alum- 

inum generates the formation of a cellular dislocation 
structure with very thin walls of the cells.['] In alumi- 
num containing - 0.1% impurities, a cellular s tructure 
is a lso  developed, but with a significantly grea ter  mean 
density of dislocations after  approximately the s ame  
deformation. The difference in the mean density of dis- 
locations is brought about by the fact that, in migrating, 
the dislocations a r e  fixed a t  many points by foreign 
atoms, the high concentration of which in this  case  de- 
termines the length of the f r e e  dislocation segment L. 
The effect of a decrease in LC on the temperature de- 
pendence of p,(T) was investigated in samples of A1 of 
various purity. 

EXPERIMENT 

The measurements of the electr ic  resistance were 
carried out by the potentiometric method. The sample 
preparation is s imi lar  t o  that described in  Ref. 2. 

The samples were  plates of polycrystals o r  single 
crystals  of aluminum with c r o s s  sections of (3-4)  
X (0.2-0.5) mm, length 80-90 mm. The distance be- 
tween the potential leads was 40 mm. The quantity p, 
was determined a s  

R ( T )  
Rs ' (T)  p(273 K ) ,  "'T)=I. m - z , ( n 3 K ,  ] 

R and Rmt a r e  the resistance of the sample and the stan- 
dard, p(273 K )  is the resistivity of Al. We used p(273 K) 
= 2 . 5 x  ohm-cm and p(372 K)  = 2 . 6 4 ~ 1 0 - ~  ohm-cm 
f o r  the pure and "dirty" Al, respectively. 
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