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We investigated the temperature dependences of the probability of the excitation-energy transfer 
between rare-earth ions. The chosen object of the investigation-doubly-activated fluorite-has 
made it possible to exclude the influence of migration of energy over the donor ions. It is shown 
that even in the case when there is no spectral resonance between the donor and the acceptor 
electron transitions, the transfer process is directly temperature dependent. Models yielding 
such a temperature dependence are proposed. 

INTRODUCTION 

RECENTLY the theoreticians and experimentors have 
paid much attention to various types of interactions be­
tween impurity ions in crystals. Manifestations of such 
interactions are such effects as the concentration 
quenching, energy migration, sensitization, certain 
spectral regularities of stimulated emission, and dif­
ferent cooperative effects. In spite of the large number 
of papers devoted to these phenomena, the "micro­
mechanism" of the interaction of the impurity ions 
with one another and with the crystal lattice of the 
matrix still remains unclear to a considerable degree. 

Theoretically, the greatest attention has been paid 
to the energy transfer when the emission spectra of 
the donor (D) overlap the absorption spectrum of the 
acceptor (A). The probability of such a transfer, with­
out allowance for the smearing of the spectra and 
their incomplete overlap, was first calculated by 
Perrinl11 • Subsequently, account was taken of the in­
completeness of the overlap of the D emission and A 
absorption spectral 2• 3l. It should be noted that the 
aforementioned theories pertain to the elementary 
transfer act. Experimentally, on the other hand, one 
observes the emission of an ensemble of ions, the 
transfer probability for which may be different by 
virtue of the fact that the D ions in the crystals are in 
different surroundings of the A ions. This circum­
stance makes it necessary to average the expressions 
for the probability of the elementary transfer act. 
Sveshnikov and Shirkovl4 l separated the donors that 
have both identical and different surroundings, but have 
equal transfer rates. Forster[sJ combined only donors 
with identical surrounding of the acceptors. Both the 
first and the second methods of averaging lead to a 
non-exponential character of the damping of the D 
luminescence. Galanin[sJ has shown that in many cases 
the damping curve can be approximated by an instan­
taneous drop followed by an exponential. 

In addition, the direct transfer of energy to the ac­
ceptor is preceded by migration of energy over the 
donor ions. Briskina [?J has carried out a theoretical 
analysis of the transfer of energy to A with allowance 
for the process of migration, and has shown that the 
excitation is transferred to the A from the nearest D, 
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leading to a decrease of the non-exponential character 
of the damping of the luminescence of the latter. Such 
a situation was observed experimentally inl 8l. 

Many experimental results have found an explana­
tionl9-lSJ within the framework of Dexter's theoryl 3l. In 
a number of cases the temperature dependences of the 
quenching of the luminescence could be explained as 
being due to the temperature variation of the overlap 
integral.ru-IsJ. Tolstoi, Feofilov, et al.[l4• 15 l observed 
energy transfer between Nd 3+ and Yb 3+ ions in glasses; 
this transfer could be attributed to resonant interaction 
of the transitions of Nd3+ and Yb 3 \ However, the weak­
ening of the interaction with decreasing temperature 
did not fit the Dexter theoryl3l, since no change in the 
spectra of the Nd3+ and Yb 3+ were observed following 
cooling to 4.2°K. The authors ofl 14• 151 believe the rea­
son for the observed effect to be the decrease in the 
efficiency of energy migration over the Nd3+ ions to 
the Yd3+ ions at low temperatures, by virtue of the 
large width and the inhomogeneous character of the 
broadening of the spectral lines. It is indicated that 
the migration over the Nd3+ ions can be due to resonant 
interaction of spectrally different centers of Nd3+. 

Finally, in a number of investigations[ls-l9J they ob­
served energy transfer between rare-earth ions with­
out observance of spectral resonance. For such a 
transfer to occur it is necessary that the phonons of 
the crystal lattice take part. G. M. Zverev, G. Ya. 
Kolodny'l and A.M. Onishchenko (seellBJ observed 
temperature dependences of the lifetime of the excited 
state of Er 3+ in Y 3Al50 12 crystals, in the form 

1:(T) = 'to(1- Ae.,.uf•r) 

both for the case of resonant interaction ( Er 3+ - Tm3 ) 

and for nonresonant interaction ( Er 3+ - Ho3+ ). The 
temperature dependences of the lifetimes of the excited 
state of Nd3+ in a number of other bases turned out to 
be similarl 18l. The authors of these papers regard 
migration of energy over like D ions to be responsible 
for such relations. It is indicated that resonant migra­
tion is less effective than nonresonant migration and 
that a decisive role in the temperature dependence is 
played by the latter. 

An analysis of the published data offers evidence of 
the difficulty of comparing the theoretical and experi-
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mental results, due to the fact that the models em­
ployed in the experiments do not make it possible to 
study the elementary interaction mechanism directly. 
As a rule, energy migration over the D ions is super­
imposed on this mechanism. In addition, to analyze the 
observed summary effects it is necessary to take into 
account the character of the distribution of the inter­
acting D-A pairs: 1) with respect to distance R be­
tween them, 2) with respect to the Stark splitting in D 
and A centers with different structure (within the 
limits of inhomogeneously broadened bands or the 
structure of inhomogeneous splitting). 

The absorption and luminescence spectra of paired 
rhombic Nd3+ centers in CaF2 were first separated 
. [20 21) h . m ' . T e model of such a center 1s shown in Fig. 
la. It turned out, further, that one of the Nd 3+ ions in 
the Nd3+ - Nd3+ pair can be replaced by an ion of 
another rare-earth element, as a result of which the 
pairs Nd3+ - Tr3+ are produced[ 22 l-Fig. lb. Rhombic 
pairs in CaF2 crystals are a convenient object for the 
investigation of excitation-energy transfer. The data 
of[ 23 ' 241 show that in CaF2 - Nd3+ and CaF2 - Nd3+ 

- Tr 3+ crystals, up to an Nd 3+ concentration of 1 wt.%, 
there is no interaction between the ions contained in 
different optical centers. In this case it can be stated 
that if energy migration over like paired rhombic 
centers does exist, it cannot make a contribution to 
the temperature dependence of the lifetime r of the 
excited state of D or to the relative quantum yield of 
the luminescence TJ. 

Indeed, in the objects on which the measurements 
were performed, for example in[ 18l, the excited ions 
are the donors located at different distances from the 
acceptors. This gives rise to two subsystems of the D 
ions. The first system includes the D that are in the 
immediate vicinity of A and can transfer excitation 
directly to the A. The second subsystem includes the 
D that are remote from A and cannot transfer excita­
tion directly to the A. The excitation in this case 
migrates over the D of the second subsystem until it 
reaches D located near A, after which direct transfer 
of energy from D to A takes place. It is understanda­
ble that in this case the increase in the efficiency of 
the migration over the D ions leads to a decrease in 
the lifetime of the excited state of the latter. In the 
model investigated by us, such an effect is excluded 
because in the paired centers all the donors are under 
absolutely identical conditions and have an identical 
probability of directly interacting with the A ions. In 
the present investigation, we have organized experi­
ments (which will be discussed below) confirming the 
correctness of this conclusion. Thus, the investigation 
object chosen by us makes it possible to observe 
directly the elementary transfer process, not compli­
cated by the factors listed above. The purpose of the 
present investigation was to study the elementary 
mechanism of excitation-energy transfer between rare­
earth ions. 

APPARATUS AND RESEARCH PROCEDURE 

CaF2- NdF3- TRF3 crystals (type I)[25l were 
grown in a fluoriding atmosphere by a procedure de­
scribed earlier[ 261 . The concentration of the NdF3 

FIG. I. a-Model of paired rhombic center Nd3 +-Nd3+, b-model 
of paired rhombic center Nd3+-Eu3+, c-interacting transitions in the 
case of energy transfer in the Nd3+-Nd3 + pair, d-interacting transitions 
to the case of energy transfer in the Nd 3 +-Eu3+ pair. In Figs. c and d 
the numbers at the arrows indicate the frequencies in cm- 1. 

ranged from 0.03 to 0.3 wt.%, and that of TRF3 from 
0.07 to 0.5 wt.%. The absorption and luminescence 
spectra at T = 4.2°K (the transition 4I9;2 ::: 4F 3; 2) were 
obtained with the aid of a DFS-12 diffraction spectrome­
ter. The receiver was a photomultiplier (FEU-22). In 
the registration of the emission spectra, the photomul­
tiplier was cooled with liquid nitrogen. The absorption 
spectra at temperatures 4.2 and 77°K of the transitions 
Nd3+ ( 4I9;2 - 4I15!2) and Eu3+ eF o - 7F 5) were also 
obtained with the aid of a DFS-12 diffraction spectrome­
ter, modified to register the spectra in the infrared 
region. 

It is shown in[ 24l that at T = 77°K the luminescence 
of Nd3+ in paired rhombic centers Nd3+ - TR 3• is prac­
tically completely quenched, with the exception of the 
centers Nd 3+- La3+, Nd3+- Ce 3+, Nd3+- Gd3 • and Nd3+ 
- Lu 3+. In all the remaining cases the interaction of 
Nd3+ at T = 77oK with other rare-earth ions, occurring 
in a paired rhombic center at a distance 3.7 A, leads to 
nonradiative loss of the excitation of the Nd3+ ion. 
Cooling to helium temperature leads to flare-up of 
luminescence of Nd3+ in the paired centers Nd3+ 

- Nd 3+ and Nd3+ - Eu3+. In the case of other paired 
centers (Nd 3+- Pr3+, Sm 3•, Tb 3+, Dy3+, Ho 3+, Er3+, Tm 3+, 
Yb 3+), no such effect is observed, i.e., the interaction 
of these rare-earth ions with the Nd3+ ions leads to 
complete quenching of the luminescence of the latter 
also at T = 4.2°K. We have investigated in detail the 
ii1teractions in the pairs Nd 3+ - Nd3• and Nd3+ - Eu3•. 

The excitation of the luminescence of the crystal 
CaF2 - Nd3+ - Eu3• was carried out successively 
through SZS-14 filters and filter combinations SZS-14 
and SZS-21, SZS-14 and ZhS-12, SZS-14 and KS-13. 
The levels excited thereby were in the respective 
spectral regions 10 000-33 000, 16 600-31 200, 
10 000-22 700, and 10 000-16 200 cm-1. In the latter 
case, not one of the Eu3+ levels of the multiplet 5D was 
excited, nor were the higher-lying levels excited. It 
turned out that when the pump spectral regions are 
changed, no change takes place in the luminescence 
spectra of Nd3+ (transition 4F 3;2 - 4I9; 2), thus indicat-
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FIG. 2. Temperature dependences of 
the relative quantum yield of lumines­
cence of the pair Nd3+-La3•, calculated 
from (I) without allowance for the func­
tion F(T). The concentrations of NdF3 

and LaF3 are respectively 0.07 and 0.14 
wt. %. a-Transition to the ground com­
ponent of the ground state of Nd3 +, b­
transition to the first-excited component 
of the ground state of Nd3+. 

ing that the interaction proceeds without participation 
of the upper excited states of Nd3•, which experience 
rapid relaxation to the metastable level 4F 3; 2• In addi­
tion it can be stated that if Nd3+ does contribute to 
nonradiative relaxation of the luminescence levels of 
Eu3•, this occurs via the levels of the ground multiplet 
41 of the Nd3+ ion, and these processes do not affect 
in any way the character of the deactivation of the 
metastable state 4F 3; 2 of the Nd3+ ion. It follows from 
this that nonradiative relaxation of the level 4F 3;2 of 
the Nd3+ ion in the paired centers Nd3+ - Nd3+ and 
Nd3•- Eu3• is due to cross-relaxation processes[ 12•27J. 
In the former case there is an interaction between the 
transitions 4F3;2- 4II5/2(Nd 3+) and ~9/2- ~15/2(Nd3•) 
(Fig. lc), and in the latter between the transitions 
4F 3; 2 - 4l 15;2(Nd3•) and 7Fo- 7Fe(Eu3•) (Fig. ld). 

We measured the temperature dependences of the 
relative quantum yield of luminescence of the paired 
centers Nd3+ - La3• (Fig. 2), Nd3+- Nd3+ (Fig. 3a) and 
Nd3+ - Eu3• (Fig. 3b). To this end we used the tempera­
ture dependences of the Nd3• luminescence spectra 
(transition 4F 3; 2- 419; 2) with continuous variation of 
the temperature from 4.2 to 77°K. We used for the 
measurements a special cryostat described in[ 28l. A 
feature of this cryostat is that the crystal is located in 
the helium vapor. The temperature pickup is a carbon 
resistor fastened directly to the crystal. Since the 
measurement of the temperature of the sample at con­
tinuously-fed excitation energy can in principle lead to 
considerable errors, we shall stop to discuss the tem­
perature measurement in greater detail. 

In the absence of excitation, a temperature of 4.2°K 
was established in the cryostat. The lamp was then 
turned on for minimum power, determined by the in­
tensity of the excitation at which it was possible to 
record the luminescence spectra without noticeable 
apparatus distortion. The registered temperature was 
then raised to 7-8°K and remained constant in time. 
Further increase of the temperature was by heating a 
copper block, in which the sample was secured, by 
means of a coil. With the temperature varied in this 
manner, the luminescence spectra were recorded both 
while gradually raising the temperature to 70°K, and 
with subsequent cooling of the sample to 7-8°K. In 
addition, an increase of the excitation intensity by a 
definite amount raises the temperature of the sample, 
and after a definite time there is established a new 
stationary thermal regime. This circumstance has 
made it possible to obtain the temperature dependence 
in the entire investigated temperature interval by heat­
ing the sample with absorbed radiation. 

As a control, we used also the following procedure. 
By increasing the intensity of the exciting light, we 

FIG. 3. Temperature depend­
ences of the relative quantum yield 
of luminescence of Nd3 +: a-in the 
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established a temperature corresponding to a large 
value of ctq/dT (Fig. 3) (for example, 20°K), andre­
corded the luminescence spectrum, The minimum ex­
citation intensity was then set. This caused the 
registered temperature to drop to 7-8 °K. Further, a 
temperature of 20°K was established by heating the 
copper block and the luminescence spectrum was again 
recorded. The maximum relative error in the temper­
ature dependence, calculated from the temperature 
dependences of the luminescence spectra obtained by 
the indicated method, did not exceed 12%. 

The described experiments indicate that the radial 
temperature gradient in the crystal is small in the 
stationary regime, since reversal of its sign (heating 
from the surface by the first method and heating in the 
volume by the second method) does not alter the final 
result significantly. The longitudinal temperature 
gradient is likewise small, since the absorption coef­
ficients of the excitation bands do not exceed several 
tenths of a reciprocal centimeter at the maximum in­
vestigated concentrations of the Nd3+, and the length of 
the sample does not exceed 20 mm. The same circum­
stance also explains the slight heating of the sample by 
the exciting radiation at its minimum intensity. Also 
contributing to this is the relatively narrow spectral 
region of the excitation and the small width of the 
luminescence line. The described experiments show 
that the measured temperature corresponded to the 
real temperature of the sample. The measurements 
were performed on crystals having different concen­
trations of both Nd3+ and TR 3•. 

According to the data obtained in preceding investi­
gations at the laboratory[20•24•291, the relative quantum 
yield of the luminescence of the pairs Nd3•- Nd3• and 
Nd3•- Eu3• was determined by us from the formula 

TJ(T)=~ kL b,.BM(T) CF(T) 
kM IL bMBL(T) ' 

(1) 

where IM and kM are the luminescence intensity and 
the absorption coefficient corresponding to transitions 
between fixed components of the metastable ( 4F 3/2) and 
ground ( 419;2) states of the Nd 3• in the paired rhombic 
centers; IL and kL are the analogous quantities for a 
single tetragonal center L. The factor kL /IL takes 
into account the different conditions of the lumines­
cence excitations and makes it possible to compare the 
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measurement results obtained with different crystals. 
The coefficients bM and bL take into account the 

populations of the first excited Stark components of the 
ground state 4I9; 2 for Nd3+ in the paired and the single 
centers. Introduction of these coefficients makes it 
possible to verify the values of the relative quantum 
yield against transitions to the ground and first ex­
cited Stark components of the ground state ~9;2 • The 
functions BM( T) and BL{ T) take into account the pop­
ulations of the excited Stark components of the level 
4F 3; 2 in the paired and single centers. 

The meaning of the coefficient C and of the function 
F( T) becomes clear from the following. The tempera­
ture dependences of the relative quantum yield in the 
"unquenched" centers Nd3+- La3+, Nd3+- Ce3•, Nd3+ 

- Gd3•, and Nd3+ - Lu3+ for transitions to the ground and 
first excited Stark components of the ground state 
4I9; 2 , calculated from formula (1) without allowance for 
the function F( T), behave as shown in Fig. 2 (a-calcu­
lation based on transition to the ground Stark compon­
ent of the ground state, b--to the first excited compon­
ent). A simple calculation and measurements per­
formed on crystals of different length and with differ­
ent Nd3+ concentrations show that the difference in 
the values of 11 at T = 4.2°K, calculated for different 
transitions, and the temperature dependence of 11 in 
the form shown in Fig. 2 are due to the reabsorption 
effect, Thus, the intensity of the luminescent transi­
tion to the ground component of the ground state 4I9; 2 

is decreased by resonant absorption, and in the transi­
tion to the first excited component, which is not popu­
lated at T = 4.2°K, there is no such effect. The tem­
perature dependences of 11 in the "unquenched" paired 
centers are due to the same effect, namely, the de­
crease of the population of the ground Stark component 
and the population of the first excited component with 
increasing temperature. Thus, the relative quantum 
yield of the luminescence of the "unquenched" paired 
centers turns out to be, as expected, independent of the 
temperature in the investigated temperature interval. 
The coefficient C in formula (1) normalizes the value 
of the relative quantum yield in the "unquenched" 
paired centers to unity, and the function F( T) takes 
into account effects connected with reabsorption. 

The form of the function F( T) was determined 
separately for each crystal. To this end, the tempera­
ture dependences of the luminescence spectra were 
obtained for CaF 2 - Nd3+ - La 3+ ( Ce3•) crystals having 
the same geometrical dimensions and having the same 
pair concentrations as the crystals CaF2 - Nd3+ and 
CaF2 - Nd3+ - Eu3•. The distance to the first excited 
Stark component of the ground state of Nd3+ amounts 
to 38 cm-1 in the center Nd3+- La3• ( Ce3• ), 36 cm-1 in 
the center Nd3+ - Nd 3•, and 35 cm-1 in Nd3• - Eu3• [ 291, 

Under these conditions, the function F(T) for the 
"quenched" (Nd3+- Nd3+ and Nd 3+- Eu3•) and "un­
quenched" (Nd3+- La3+, Nd3•- Ce3•) pairs is prac­
tically the same when their concentrations are equal. 

EXPERIMENTAL RESULTS AND THEIR DISCUSSIONS 

To investigate the interaction mechanism it is 
necessary to know the schemes of the crystal splittings 
of the levels between which the interacting transitions 

take place. Figs. 1c and 1d show the scheme of the 
crystal splitting of the level 4I1512 of Nd3• in paired 
centers and the region of absorption of Eu3 • corre­
sponding to the transition 7F0 - 7F 6 • We see that at 
T = 4.2°K there is no exact resonance of the cross 
relaxation transitions for the center Nd3+- Nd3•. The 
detuning of the resonance towards the Stokes side takes 
place only for the shortest-wavelength transition 4F 312 

- 4I15f 2(5794 cm-1) and for the longest-wavelength 
transition 4I9f 2 - ~15!2(5788 cm-1) and amounts to 
6 cm-1• (The accuracy of the position of the Stark 
components is ±2 cm-1.) With increasing temperature, 
there appears the possibility of resonant interaction of 
several transitions, owing to the population of the ex­
cited Stark components of the levels 4I9/2 and 4F3; 2• In 
addition, there appear several nonresonating transi­
tions with Stokes detunings, the magnitudes of which 
lie in the region from 0 to 82 cm-1, An entirely differ­
ent picture is observed for the Nd3+ - Eu3• pair. The 
region of the Stokes detunings for T = 4,2°K lies in 
the region 390--1044 em-\ and at increased tempera­
ture in the region 390-1084 em -1 • We see that the 
minimum detuning (390 cm-1) does not depend on the 
temperature. The slight relative increase of the upper 
limit is connected with the population of the excited 
component of the level 4F 3; 2 of the ion Nd3+ (Fig. 1d). 

Figure 3 shows experimental temperature depend­
ences of the relative quantum yield of the luminescence 
of Nd3+ in the paired centers Nd3+ - Nd3+ (a) and 
Nd3+ - Eu3• (b). These dependences were obtained with 
crystals having different contents of Nd3+ and TR 3•. A 
change in the pair concentration by more than one 
order does not lead to a change in the form of the 
71( T) dependence. This is a confirmation of the con­
clusion that the migration of the energy over the D of 
the paired centers, if it does occur at all, does not 
influence the character of the deactivation of the ex­
cited state of Nd3•. Let us examine the 71(T) curves 
(Fig. 3). We see that in the region of low temperatures 
(up to 12°K, Sec. I), the value of the relative quantum 
yield does not depend on the temperature. It is typical, 
however, that already in Sec. I the luminescence of 
Nd3+ is quenched to a considerable degree. Thus, for 
the pair Nd 3+- Nd 3+ the value of 11 amounts to 0.17 of 
11 in the "unquenched" paired centers, and for the pair 
Nd3• - Eu3• the corresponding value is 0.055. The first 
case of weaker quenching of the luminescence corre­
sponds to a resonant detuning of 6 cm-1 in the Stokes 
direction, while in the second case of strong quenching 
the minimum detuning is 390 cm-1• Since in both cases 
the interaction is effected with participation of the 
lattice phonons, the stronger quenching in the second 
case is naturally explained as being due to the larger 
density of the phonon states at the frequency 390 cm-1 
than at 6 cm-1• 

The same circumstance also explains the fact that 
the relative quantum yield of the luminescence of the 
centers Nd3+- TR 3•, where TR 3• = Pr3•, Sm 3•, Tb3•, 

Dy 3+, Ho3•, Er 3•, Tm 3•, Yb3•, is so low that we cannot 
observe luminescence of these centers even at 
T = 4.2°K. An analysis of the luminescence spectra of 
Nd3+ and of the absorption spectra of the indicated ions 
shows that the regions of resonance detuning of the 
transitions of Nd3+ from the level 4F 312 to the levels 
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FIG. 4. Plot of In [71 0 -7!(T)] = 
f(l/T) in the case of the Nd3•­
Nd3+ pair (a) and the Nd3+-Eu3+ 
pair (b). Here 11o is the relative 
luminescence quantum yield on 
section I (Fig. 3) and 71(T) is the 
temperature-dependent part of 
the relative luminescence quantum 
yield on section II. 

of the ground multiplet 4I with the transitions of these 
TR 3+ include also the frequency of the main TO reso­
nance of the CaF2 crystals (260 cm-1)[301, Such a situ­
ation is ensured by the following transitions: 

Nd 3+ transition 

•F.,,-'I,.r., 
'F.1,-•r,,1, 

'F,1,-•ru1, 
'F,1,-•r.1• 

TR l+ transition 

7Fs- 7FoTb3+, 6Hu1,- 6Hu1.oya+, 
•n,-•F,Pr'+' 6H,,,- 6F,,,srr+, 
•r.1.- •I,.1,Er:J+, 3He- •n,Tm': 
en.,, ....... GF,,,,an,,,Dyl+ 
6H,,1,- 8F,1,oyu·, 51s- 1IsHol+, 1F,1.-•B,1,Yb'+ 

The detuning values corresponding to the larger 
density of the phonon states of the lattice cause prac­
tically complete quenching of the luminescence of 
these centers. The succeeding 1)( T) dependence in the 
Nd3+- Eu3• pair (Fig. 3b) turns out to be exponential 
(Fig. 4b) and the curve is well described by the formula 

Tlrel (T) = T)o(i- e-""t•r), (2) 

where 1) 0 is the relative quantum yield in the tempera­
ture region I. The value of A E is 22 em -1• 

As shown by the experimental results, the transfer 
probability consists of two terms: one of them does 
not depend on the temperature, and the other does. 
The temperature-independent component is determined 
by the density of the phonon states at the detuning fre­
quency. Obviously, with increasing temperature the 
energy AE = 22 cm-1 plays the role of a kind of 
"activation" energy in the transfer. 

It is known that in the far infrared, crystals have 
considerable absorption also at frequencies much 
lower than the main TO resonancer 31• 32l, There exist 
detailed theoretical explanations of this factr33• 34l, The 
physical model of such a process of absorption be­
comes clear when the dispersion diagram of the crystal 
is examined. Since it is impossible to excite low-fre­
quency acoustic phonons in crystals having a symmetry 
center, owing to their optical inactivity, a considerable 
contribution to the absorption is made by transitions in 
which one phonon of the lower branch is annihilated and 
another "difference" phonon is produced with the same 
momentum but with higher energy. The energy differ­
ence is made up by absorption of an infrared quantum. 

As a result of an experimental investigation of the 
absorption spectra of the crystal lattice of alkali-halide 
crystals in the far infrared, Stolen and Dransfeld[31l 
obtained "selection rules" that forbid transitions be­
tween branches with different polarizations. Burstein 
et al, [351 developed selection rules for two-phonon 
transitions in crystals of the rock-salt type on the 

basis of a group-theoretical analysis. Perlin et al.[ 36l 
have shown that in a number of cases a greater proba­
bility is possessed by relaxation with participation of 
a set of optical and acoustic phonons. Dispersion 
curves of the CaF 2 crystal were obtained in a number 
of studiesr 30• 37l, Elcombe and Pryorr 3oJ also give the 
frequency dependence of the density of the phonon 
states. On the basis of these published data we can 
propose two models determining the temperature de­
pendence of the elementary process of nonresonant 
excitation-energy transfer. 

As follows from [30J, the condensation sections in the 
phonon spectrum of CaF2 extend to ~ 480 em-\ and to 
effect the energy transfer from the Nd3• ion to the 
Eu3• ion it is necessary to cover an energy deficit ex­
ceeding 390 cm-1 • Phonons of such energy are absorbed 
on the temperature Section I. With increasing tempera­
ture, population of the phonon state corresponding to 
the acoustic branch takes place. A transition then be­
comes possible between the state corresponding to the 
acoustic branch and the state determined by the short­
wave condensation section in the phonon spectrum of 
the crystal, Since the population of the acoustic branch 
increases with increasing temperature, a correspond­
ing increase takes place also in the probability of such 
a process, and consequently in the probability of exci­
tation-energy transfer. A similar mechanism is re­
sponsible for the temperature dependence of the ab­
sorption of the crystals at frequencies below the main 
TO resonance. The only difference is that in the latter 
case the absorption corresponds to transitions to the 
boundary of the band. Transitions with participation of 
acoustic phonons with small wave vectors do not occur, 
since transitions between acoustic branches are for­
bidden. In the model proposed by us, the process is 
effected with participation of phonons of the acoustic 
and optical branches with small values of the wave 
vector. 

The second model consists in the following: the 
energy deficit of more than 390 cm-1 that must be 
absorbed by the lattice in order to realize the act of 
energy transfer from Nd3+ to Eu3• is made up in the 
entire temperature interval by a set consisting of an 
optical phonon, corresponding to the maximum density 
of the phonon state, and an acoustical phononr 36l, Within 
the framework of these concepts one can explain also 
the temperature dependence of the elementary act of 
transfer of excitation energy. Indeed, even after a 
slight temperature rise there occurs population of the 
vibrational state corresponding to the acoustic branch, 
and the process of absorption of the acoustic phonon 
becomes stimulated. With further increase of the tem­
perature, the population of this vibrational level in­
creases, the probability of releasing an acoustic pho­
non to the lattice increases, and consequently the prob­
ability of energy transfer increases. Optical phonons 
remain spontaneous in the investigated temperature 
region. 

In both proposed models, phonons with small values 
of the wave vector take part in the transfer. U we take 
into account the low density of states of the acoustic 
phonons with small values of the wave vector, then at 
first glance this seems strange. However, according 
to Stolen and Dransfeld [311 , acoustic phonons can make 
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an appreciable contribution to the absorption in the 
far infrared region, and consequently to the transfer 
probability considered by us. The low density of states 
of the acoustic phonons is compensated by the low 
frequency of these phonons, which stands in the de­
nominator of the expression for the absorption coeffi­
cient. It is also clear why the 71( T) dependence on 
section II is exponential for the Nd3+ - Eu 3+ pair. In­
deed, since the detuning in this case is practically 
independent of the temperature, the energy deficit is 
made up by a temperature-independent combination of 
optical and acoustic phonons. In the case of energy 
transfer from an Nd 3+ to an Nd3+ ion, the detuning 
changes with temperature and AE in (2) turns out to 
be a function of the temperature (Fig. 4a). 

The quantum yield of excitation-energy transfer is 
determined by the well-known expression 

WoA 't'ec (3) 
'lt=1 r Wi ' 

T DA't'ec 

where WDA is the probability of transfer from D to 
A, and Tee is the lifetime of the excited state in the 
"unquenched" center and is determined by its sym­
metry11. The quantity 11t is connected with the meas­
ured relative luminescence quantum yield by the ex­
pression 

tj=1-tJt· 

Using these relations, we determine the probabilities 
of excitation-energy transfer and the corresponding 
lifetimes of the excited state ( 1/Tobs = 1/Tec + WDA). 
The results of the calculations are presented in Tables 
I and II. 

CONCLUSION 

Thus, the results of the present paper offer evidence 
that the probability of excitation-energy transfer in the 
absence of overlap of the spectra of the donor and ac­
ceptor is determined by the density of the phonon 
states in the region of frequencies corresponding to 
the Stokes detuning of the resonance. The temperature 
activation leading to the increase of the transfer prob­
ability is inherent in the very elementary act of donor­
acceptor transfer to the same degree as it is to the 
process of energy migration over the donor ions. The 
mechanism of temperature activation is connected 
with the population of the phonon state corresponding 
to the acoustic branch of the dispersion diagram. 
These effects are manifest also in the temperature 
dependence of the infrared absorption spectra both of 
crystals of the fluoride type and of alkali-halide crys­
stals and other compounds. In some cases the popula­
tion of the first excited Stark component of the donor 
ions can play a role, in accord with the results of 
Zverev, Kolodny!, and Onishchenko (see[l8 l). Such a 
situation, however, can be realized only if the new de­
tuning resulting from the population of the excited 
level corresponds to a region of the phonon spectrum 
with a larger density of phonon states than the initial 
detuning, i.e., Pv· - Pv0 > 0, where Pv· and Pvo are 
the densities of tfie phonon states corre~ponding to the 
"new" and initial detunings. 

!)The time Tee was measured in [24] for Nd 3 +rhombic centers. 

Table I. Interaction in the 
Nd 3+- Nd 3+ pair 

4,2-12 
17 
23 
27 
33 
40 
49 
54 

0~98 
1,14 
1.34 
1,62 
2.02 
2.66 
3,8 
4.8 

85 
75 
65 
55 
45 
35 
25 
20 

Table ll. Interaction in the 
Nd 3+ - Eu 3+ pair 

4,2-12 
20 
25 
30 
40 
50 
54 

3,5 
4.3 
4.8 
5,2 
6.47 
8.5 
9,8 

27 
22 
20 
19 
15 
12 
tO 

In conclusion, the authors are grateful to S. Kh. 
Batygov for growing the crystals, to V. A. Myzina and 
V. S. Fedorov for help with the experiments, and also 
to G. M. Zverev, A. M. Onishchenko, and G. Ya. 
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