
while as q - - they are approximated by the formula 
S(q) -. l-4ar8/3nq'. 

FIG. 2 .  Behavior of the static structure factor of an interact- 
ing electron gas in the metallic-density range. 

solution of the sys tem of Eqs.  (23)-(25) at each  i t e ra -  
tion s tage includes as a requi red  element  the  recalcula-  
tion of the s tat ic  s t ruc ture  factor  S(q). T h i s  quantity 
i s ,  as i s  well known, a l s o  of independent in te res t ,  s ince  
many physical charac te r i s t i cs  of a sys tem of interact- 
ing electrons are expressed  by functionals of S(q). We 
show therefore in Fig. 2 t h e  r e s u l t s  of the  calculation 
of S(q) for  a number of values of the parameter  r,. In 
the limit of s m a l l  q ,  the  curves  in Fig. 2 tend to a n  
asymptotically c o r r e c t  relat ion ( a s  q - 0) 

S ( q )  +q'/2a2(3r.)  ", 

We note that in  the approximation of Rajagopal and 
Ja in  the  s ta t i c  s t r u c t u r e  factor  has  also the  s a m e  
asymptotic behavior ( s e e  Ref. 9 for  the  proof). 
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Mode dependence of resonant absorption of ballistic 
phonons in CaF2:Eu2+ crystals 

A. V. Akimov and A. A. Kaplyanskil 

A.F. Ioffe Physicotechnical Institute, USSR Academy of Sciences 
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Zh. Eksp. Teor. Fiz. 80,767-774 (February 1981) 

The anisotropy of absorption of longitudinal and transverse acoustic phonons in the 3X 10" band in a 
CaF,:Eu2+ crystal is investigated experimentally and theoretically in the case of resonant interaction of the 
phonons with the electronic state 4f65d(T8 +) of the Eu2+ ion, split into a doublet by uniaxial compression of 
the crystal. The anisotropy agrees with the selection rules for transitions induced by dynamic deformation of a 
lattice in the field of a hypersound wave. 

PACS numbers: 63.20.Mt 

Experiments  have been recently performed1-3 on the 
behavior of nonequilibrium monochromatic t e raher tz  
acoustic phonons in uniaxially s t r e s s e d  CaF, and SrF, 
c rys ta l s  activated with EuZ* ions. The  Eu2+ ions are 
situated in  the la t t ices  of these c rys ta l s  in a cubic field 
of high symmetry  On and s o m e  of the Eu2+ levels  have 
orbital degeneracy. Use is made in Refs. 1-3 of the 
fact4 that uniaxial deformation spl i ts  the orbi tal ly  de- 
generate radiative level I?; of the excited 4f 65d config- 
uration of EuZf into two, and the magnitude of the doub- 
let splitting can vary  smoothly in a range of severa l  

dozen rec iproca l   centimeter^."^ The  exis tence of 
resonant single-phonon transi t ions between the compo- 
nents  of the deformation doublet has  made it possible 
to  effect both f luorescent  detectionlS2 of nonequilibrium 
monochromatic phonons with frequencies  up to 2.4 THz 
[piezospectroscopic phonon detector  (PPD)], as well as 
the i r  generation in nonradiative relaxation of the 
optically excited ions .Is3 

The  ballistic charac te r  of the propagation of t rans -  
v e r s e  phonons with v ~ 0 . 5  THz was demonstrated in 
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Refs. 1 and 2 by the method of fluorescence detection 
of the phonons in CaF, and SrF, with Eu2+. Ballistic 
phonon propagation makes it possible to study by the 
method of optical detection the resonant absorption of 
phonons belonging to separate modes. This possibility 
was used by us here to investigate the mode depen- 
dence of resonant absorption of phonons in transitions 
between the levels of the deformation doublet r: of 
Eu2 + ions. 

It was experimentally established that resonant ab- 
sorption of transverse and longitudinal phonons with 
v = 0.3 THz i s  strongly anisotropic. It i s  shown that 
the spatial distribution of the absorption corresponds 
to selection rules of the "quadrupole" type for transi- 
tions induced by dynamic deformation of the lattice by 
acoustic phonons. Quantitative estimates a r e  presented 
of the cross section for phonon absorption and for the 
probability of phonon emission in transitions between 
the levels of the deformation odulet. It is  noted that 
the role of dynamic rotations in single-phonon transi- 
tions in a PPD i s  negligible. 

EXPERIMENTAL RESULTS 

We used in the experiments single-crystal CaF, 
+ 0 . 0 1 ~ E u ~ +  samples (Fig. l a )  in the form of right 
6 x 4 x 1.5 mm parallelepipeds. Three edges of the 
samples were parallel to the crystallographic axes 
[loo],, [OlOL, and [OOl], o r  to [001],, [110L, and 
[1i0],-. The sample temperature was 2 K. The lateral 
(small) surface of the sample was coated with a 1 x 1 
mm constantan film. When the film was heated by 4 
=200 nsec current pulses at a repetition frequency 
10 kHz, thermal phonon pulses were injected in the 
crystal. 

The crystal was illuminated by a DRSh-250 mercury 
lamp with a UFS-5 filter (365 nm Hg line). Par t  of 
the Eu2+ ions were excited into the 4f5d (r:) state, and 
the transitions from rl into the ground state 8S,,2 
(4 f 7 )  give a zero-phonon 4130 A luminescence line. The 
samples were subjected to a uniaxial compression along 
the vertical axis P, and the r,f level was split thereby 
into a deformation doublet W,, W,. At a temperature 
2 K the lowest (W,) sublevel of the rl deformation doub- 
let is  predominantly populated, since the splitting A 
= W, - W, << kT. A strong stationary luminescence is 
then observed, corresponding to the zero-phonon tran- 
sition W,(I?l) - 'S, /,. The luminescence light i s  gath- 

FIG. 1. Experimental setup. 
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ered through a light pipe from a small volume d inside 
the sample, located a t  a distance x=2-4 mm from the 
heater h.  When the thermal pulses enter the volume 
d,  phonons of frequency hv= A induce single-phonon 
transitions W, - W,, and this produces in the lumin- 
escence transitions from the upper level W2 ( r i ) .  In 
the experiments we measured the fluorescence pulses 
Iwz(t) in the zero-phonon line W, (r:) - "S, (see Fig. 
lb). 

In accord with Refs. 1 and 2, in deformation splittings 
0 3 0 . 3  THz (-10 cm") the fluorescence pulses have 
steep leading fronts, attesting to a ballistic flight of 
phonons of corresponding frequency from the heater h 
to the detector d. The 'ballistic" front precedes the 
more gently sloping pulse r i se  corresponding to a grad- 
ual arrival of the phonons a t  the detector not along 
straight trajectories (owing to scattering in the volume 
and by the surfaces of the sample). The strong non- 
resonant scattering of the phonons by the CaF, struc- 
ture defects manifests itself in an overall stretching 
of the pulse I, (t) induced mainly by "isotropized" 
phonons from aifferent modes. Only in the region of 
the ballistic front of Iwz(t) does an interaction appear 
with an individual molecule, determined by the h-d 
propagation direction and by the polarization (arrival 
time) of the phonon. 

We have observed that the picture of the Iwz(t) ballis- 
t ic fronts depends strongly on the direction of the com- 
pression axis P in the crystal, on the direction q of 
the phonon propagation (the h-d line), and on the phonon 
polarization. Depending on these conditions, both bal- 
listic transverse (TA) and ballistic longitudinal (LA) 
phonons appear in the ZWz(t) fluorescence pulses and 
reach the detector. 

Figure 2a shows the Iw2(t) pulse obtained in a sample 

FIG. 2. Fluorescence pulses Iwz (T). a) P n [001 I,, 
q 11 1110 1 , A= 8 cm-', x =  4mm; b) P ll [001 I,, q ll[010],,, 
A = 9  cmY, x = 3 . 5  mm; c)  PI1 [ I 1 0  I,, q l l  [001],, ~ = 9  cm-I, 
x=  2.5 mm. 
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compressed along PIJ[001], a t  a direction q(l[llO]ry. 
One ballistic front i s  observed, with a position corre- 
sponding to the propagation velocity of the transverse 
sound (in Fig. 2,  the calculated times of arrival of the 
TA and LA phonons a r e  indicated by vertical bars. '' 
Figure 2b shows the pulse I&) in a sample compressed 
along ~JJ[001], ,  but with the phonons propagating along 
qlJ[OlOL. In this case a front is  observed a t  an arrival 
time corresponding to the longitudinal LA phonons. 
Figure 2c shows the Zwz(t) pulse for a sample com- 
pressed along PJ([llO]m at a direction q(1[001],. It i s  
seen that in this case the pulse Zw2(t) has no steep lead- 
ing front a t  all. 

INTERPRETATION OF THE RESULTS 

The amplitude of the ballistic fluorescence pulse 

I w , ( ~ )  - n A ( t ) u w ,  (1) 

where n,(t) is  the number of phonons of frequency A in 
the detector, u is  the cross  section for resonant ab- 
sorption of a phonon by the excited EuZ+ ion in W, - W, transitions, and N* i s  the concentration of the 
excited ions. The experimentally observed dependence 
of the picture of the ballistic Zwz(t) pulses on the phonon 
propagation direction and polarization is attributed by 
us mainly to the strong mode dependence of the cross 
section 0 for one-phonon absorption. 

The properties of one-phonon transitions between the 
sublevels W, and W, a r e  closely connected with the pec- 
uliarities of the behavior of the state 4fid (I?:) of the 
Eu2+ ions under static deformation of the crystal., 
The level rl behaves under static deformation like the 
orbitally doubly degenerate level r: (rl= 
where D " / ~ '  is  the representation for the spin &). 
The basis functions of r: can be chosen417 in the form 
cpl =2z2 -x2 - y2 and cpz = 3' l3(x2 - y2). The operator of 
the perturbation by the strain is 

II'=ZV,,&.*, (2 
where c ,, a r e  the components of the strain tensor and 
V,, a r e  electron operators with the transformation 
properties of a second-rank tensor. The perturba- 
tion matrix on the functions cp, and cp, i s  of the form7 

where a and b a r e  the deformation potentials of the 
level." For the compression of interest to u s  along 
P11[001L and P11[110], the off-diagonal elements of (3) 
a re  equal to zero (c , ,=c , ) .  In both these cases the 
sublevels W ,  and W, of the split state r,f correspond to 
the functions cp, - W, and cp, - W2 at P11[001L and cp, 
- W, and cp, - W, at ~11[110],. 4 9 7  The level splitting A 
= W, - W, is 

where C,, and C,, a r e  the elastic constants and p i s  the 
uniaxial compression stress.  From the data of Ref. 4 
on the splitting of the I'l level of CaF, : Eu2+ it follows 
that the deformation potential is b = 3.3 x lo3 cm-'. 

Single-phonon transitions between the electronic levels 
W,=W, of the EuZt ion a r e  induced by modulation of the 
crystal field at the resonant frequency v =  (W, - W,)/h, 
which i s  induced by the passage of the phonon. Since the 
Eu2+ ion is located in an 0, centrosymmetric crystal 
field and the levels W, and W, have like parity, the 
active perturbation should be even. For long-wave 
acoustic phonons such a perturbation i s  the dynamic lat- 
tice deformation in the field of the sound wave 

,,(& t )  =ue''"'-q" (4) 

where u i s  the polarization (displacement) vector, q i s  
the wave vector, and w = 2av is the frequency of the 
acoustic phonon. The strain produced by the wave (4) 
is  given by 

~ , , , = ( u , ~ , + u , q , ) / ~ ,  i, k=r, y, z. (5) 

The operator of the perturbation due to the dynamic 
strain is of the form (2). 

To calculate the cross  section for the absorption of 
acoustic phonons by EuZ+ ions it is  convenient to use the 
expression8 

where p i s  the density, v i s  the phase velocity of the 
sound, g(v) describes the line contour [Sg(v)dv= 11, 
and (1 IH' 12) i s  the matrix element of the perturbation 
(2) between the functions p, and p,. It follows from 
(3) and (5) that 

where n, and mi a r e  the direction cosines of the vec- 
tors Y and q. Substitution of (7) in (6) yields 

6nabGg(v) 
0 ( v )  = (nrm=-n,my) '. 

hpvs 

It follows from (8) that the W, - W, absorption cross 
section i s  anisotropic and depends both on the propaga- 
tion direction q and on the polarization u of the acoustic 
phonon. The anisotropic distribution (8) is  "tied" to 
the crystallographic axes x, y ,  and z by definite com- 
pression directions ([OOl], or  [I  lOI ry ) .  Figure 3 shows 
the absorption angular dependence calculated from (8) 
for phonons propagating in the cube planes (OOl), (xy 
plane) and (OlO), (zx plane). The calculation was made 
for longitudinal (LA), fast transverse (FTA), and slow 
transverse (STA) phonons. Account was taken of the 
elastic anisotropy of CaF,, which leads to a deviation 
of u from ullq (quasilongitudinal phonons) and from 
u l  q (quasitransverse phonons). The direct ions u for 
LA and TA waves with given q were determined by the 
usual procedure of solving the equations of acoustics. 
We used the low-temperature acoustic constants of 
CaF, (Ref. 6): C,, = 17.4 x 10"/cm2, C,, = 5.6 x lo6 
N/cm2, and C,, = 3.6 x lo6 ~ / c m ' .  It is  seen from Fig. 
3 that the angular dependence of u in the (001) plane 
has a complicated character and i s  different for LA 
and TA phonons, with u s 0  for individual modes in sev- 
era l  high-symmetry directions. 

The calculation results agree well with the experi- 
mentaldata. Thus, a t  ~~1[001],andq~1[010], the W, - W, transitions a re  theoretically allowed only for LA 
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FIG. 3. Polar diagram of the absorption cross section a as a 
function of the change of the direction of q: a, b) in the ny 
plane; c, d )  in the zx plane; a, c) for LA phonons, b, d) for 
LTA phonons, o= 0 for STA phonons. The diagram of o for 
the case of another isotropy is shown dashed. 

phonons. At q11 [llo],, on the contrary, transitions a r e  
allowed only for FTA phonons. At fll[OO1]a, in full 
agreement with this conclusion, ballistic fronts IW2(t) 
a r e  induced only by LA phonons a t  qJJ[010), and only 
by TA phonons at  q11[110],, (see Figs. 2a and 2b). At 
flJ[110],, for phonons with qll[OO1]a, transitions for 
LA and TA phonons a re  theoretically forbidden. In ex- 
periment, in fact, no ballistic fronts Zw2(t) a r e  observed 
for LA and TA phonons in this direction of q (Fig. 2 ~ ) .  

It follows from (8) that the absorption cross section is 
proportional to v", and consequently the absorption of 
LA phonons (velocity v = 7 km/sec) should be 5-6 times 
less than the absorption of TA phonons (v = 4  km/sec). 
In experiment, however, the amplitudes of the ballistic 
pulses from LA and TA phonons a r e  comparable for the 
allowed directions. To explain this fact account must 
be taken of the possible role played by the phonon focus- 
ing due to the elastic anisotropy of the CaF2.10 Accord- 
ing to the  calculation^'^ the FTA phonons a re  focused in 
CaF, along the [I101 diagonals, and the LA phonons a r e  
focused in the directions of the cube axes [OOl]; the de- 
gree of focusing (the coefficient of amplification of the 
phonon flux) for the LA phonons (=3.21) i s  larger than 
for the FTA phonons (=I. 72). Thus, the larger number 
n, of LA phonons in the [0101, direction can compen- 
sate in part for the smallness of the cross  section u for 
the absorption of these phonons [see (I)]. At the same 
time, the difference between the Zw2(t) pictures (Figs. 
2b and 2c) for the two directions P of phonon propaga- 
tion along the cube axis shows that the focusing is  not 
responsible for the basic character of the anisotropy 
of the Z,,(t) pulses. 

The deformation potential b = 3.3 x lo3 cm" of the 
I'i level, known from piezospectroscopic experiments; 
can be used to estimate the absolute values of the cross 
section (8). It follows from (8) that at the center of the 
phonon line the cross section (at a unity angle factor) 
is  

6=6n2bz~lhpi?3Av, (9) 

where 0.v is  the width of the W, - W, phonon line. As- 
suming Av= 1 cm-' = 3 x l O l 0  sec-' (inhomogeneous 
broadening estimated from the width of the 4130 A zero- 
phonon line I'J - 8S,,,), v =  3 x lo1' sec-' (for A =  10 

cm-'), p13.2 g/cm3, & = 7  km/sec, and 5,=4 km/sec, 
we obtain for the absorption of the longitudinal and 
transverse phonons the values BL = 3.6 x 10'14 and U, 

=2 x 10-l3 cm2, 

We determine now the lifetime of the upper deforma- 
tion sublevel W, relative to a transition with emission 
of a phonon hv= W, - W,. According to the detaiied- 
balancing principle, this time is connected with the 
total cross section for the absorption of three phonon 
modes, obtained by integrating (8) over the angles: 

where 
&I 

P, - [ [rn.("n,-m:() n , ] d Q  
I) 

a r e  integrals over the total solid angle (i = 1,2,3) and 
a re  equal to n1=(16/15)n, 0,=(4/15)w, and 32, 
= (4/3)n. The derivation of (10) and the calculation of 
32, were performed in the elastic-isotropy approxima- 
tion ("pure" LA and TA modes, absence of focusing). 
Substituting in (10) the parameters indicated above, we 
get T-i = 2 x 10" sec" at  v =  10 cm". 

It is seen from (10) that the probability of the one- 
phonon decay T;' - v3, and i s  consequently proportional 
to the cube of the uniaxial compression. Important 
characteristics of the piezospectroscopic phonon detec- 
tor (PPD) such a s  the absorption cross section (u) and 
the "time constant" (Tyl) turn out therefore to depend 
on the level splitting, In the PPD the static deforma- 
tion splitting and the probabilities of the single-phon- 
on transitions a r e  described by one and the same pa- 
rameter (A - I b l ; 0, T;' - l b 1'). Since for the operation 
of PPD in the terahertz band it i s  important to have 
activated crystals with large deformation potentials 
(b), the probabilities of single-phonon transitions a re  
always large. ' 

At the frequency v = 1 cm" the calculated value Ti' = 2 
x 10' sec" is  comparable with the reciprocal radiative 
lifetime of the I'l level in CaF, : Eu2+ crystals.12 One 
can thus expect in the splittings of I?: (A= 1 cm-') de- 
viations from a Boltzmann equilibrium between the sub- 
levels. Notice should be taken in this connection of the 
experimental observation of deviation of the I': sublev- 
els from a B ~ l t Z m a ~  distribution in a magnetic 
field. " v ' ~  

The case CaF, : Eu2+ investigated here shows that an 
impurity ion in a crystal is an anisotropic resonant 
phonon scatterer. Equation (8) gives one of the 
examples of the spatial distribution of the acoustic 
phonon absorption ( e m i s s i ~ n ) . ~ '  The actual form of 
(8) follows in essence directly from the form of the 
strain matrix element between combining levels, which 
in this case is  -E.,- c,. It i s  possible to calculate in 
exactly the same manner the spatial distributions for 
single-phonon transit ions between other arbitrary strain 
sublevels of local centers in uniaxially stressed cry- 
stals. For centers with cubic symmetry in cubic cry- 
stals it i s  possible to use directly in such a calculation 
the strain matrix elements in the form given in Ref. 7 

390 Sov. Phys. JETP 53(2), Feb. 1981 A. V. Akirnov and A. A. ~ a ~ l ~ a n s k i y  390 



(with u,,). 

The perturbation that induces the single-phonon tran- 
sitions was taken in the present paper to be only the dy- 
namic strains c , . They a r e  expressed in terms of 
products of components of u and q [Eq. (5)] that trans- 
form likea second-rank symmetric tensor. Yet anactive 
role can be played in principle in the transitions also 
by dynamic rotations w = b X q (Refs. 8 and 15), which 
have the transformation properties of an axial vector. 
The relative contribution of the strains and of the ro- 
tations to the matrix element (1 IH '1 2) of a single-phon- 
on transition i s  determined by the ratio of the deforma- 
tion potential (b) to the transition energy (A). In our 
case b x 3  x lo3 cm" and A,,,,,r: 30 cm", therefore the con- 
tribution of the rotations to the transition probability 
is  -(A/bIZ r: lo4 and can be neglected. In general, the 
role of the rotations, compared with strain,  can be re-  
garded a s  small for all PPD of the terahertz band, for 
which b 7> A always. 

The authors thank G. E. Pikus and E. L. Ivchenko for 
a helpful discussion. 

 he velocities of the TA and LA phonons w e r e  calculated 
from the  e las t ic  constants of CaF2 a t  T =  4K. The velocity 
indicated for  the phonon propagation direct ion q 11 [110]  i s  
that of the fas t  FTA phonons. 

"A perfectly analogous mat r ix  for  rj with the corresponding 
parameters  A and B i s  given in Ref. 7 [Eq. ( 6 ) )  for  the 
s t r e s s e s  hi,. T h e  relat ions between the parameters  ( 3 )  and 
( 6 )  of Ref. 7 a r e  b = ( C l l - C 1 2 ) B  a n d a = ( C , , +  2Ci2)A. 

 he calculated transi t ion probability in c a F 2 : ~ u h  c rys ta l s  at  
v =  30 cm-I and T;' =6 x109 sec-' exceeds by two o r d e r s  of 
magnitude, say ,  the probability of the 2A4 E t ransi t ion in 
~ r * *  ions in ruby ( v =  29 cm-', T;'= 3 x  109 sec-',  Ref. 1 1  ). 

4 ' ~ e  point out a genera l  analogy between the spatial  distr ibu- 
tion of acoustic-phonon emiss ion  (absorp t ion)  and the  dis-  

tribution of electromagnetic radiat ion in the  c a s e  of electr ic  
quadrupole transt ions.  The la t te r  are knowni4 to b e  de- 
sc r ibed  by an expression of the type l~i,eiqkQik 1 2 ,  where 
e i s  the e lec t r ic  v e c t o r ,  q i s  the  wave vector  of the electro-  
magnetic wave,  and Qi,= ex tx ,  i s  the e lec t r ic  quadrupole 
moment of the transition. 
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The impedance of a metal in a magnetic field parallel to the surface is calculated with allowance for the 
scattering of the conduct~on electrons by surface roughnesses. The monotonic part of the impedance is 
determined by the multiply reflected electrons and depends on the competition of their scattering by bulk or 
surface defects. The cyclotron oscillations are small, except when the mean free path is very large and in a 
narrow vicin~ty of the resonance the contribution of the electrons that do not collide with the surface becomes 
predominant. 

PACS numbers: 73.25. + i 

1. INTRODUCTION from the sample boundary. The reason i s  that the in- 
fluence of the surface comes into play a t  a distance de- 

The surface impedance of a metal in a magnetic field termined either by the electron mean free path 1 or by 
parallel to the surface depends substantially on the the Larmor radius r, i .e. ,  by parameters that can be 
character of the scattering of the conductions electrons large compared with the skin-layer depth 6 (we assume 
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