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The temperature, orientation, and field dependences of the spin-lattice relaxation times of Ce3+ 
and Yb3+ in BaY,F, single crystals are investigated. The luminescence and Raman scattering of 
light are also studied. It is concluded that optical phonons of energy -60 cm-' make a substan- 
tial contribution to the rate of the spin-lattice relaxation of the systems on top of the contribution 
of the acoustic phonons. A field dependence, determined by the optical phonons, of the spin- 
lattice relaxation rate is observed for the Yb3+ ion for the first time. 

PACS numbers: 63.20.Dj, 76.30.Kg 

In investigations of spin-lattice relaxation (SLR) of par- od, while those shorter than lop7 sec were determined from 
amagnetic impurities in crystals, exponential temperature the spin-phonon broadening of the EPR lines. 
dependences of the SLR rate are frequently observed, of the For the Ce" ion, the measurements of TI were carried 
form out in the orientation Hllx (see Fig. I), and the results agree 

Ti - '=B exp ( - A l k T ) .  (1) well with expressions of the type 

As a rule, this dependence is attributed to the substantial 
role played in SLR by Urbach-Aminov processes through 
the excited Stark level with energy A < O, where O is the 
Debye temperature of the crystal.' However, similar expo- 
nential T ; ' dependences are possible also for Raman two- 
phonon processes if the phonon spectrum of the crystal con- 
tains either local or quasilocal impurity vibrations of 
noticeably pronounced intensity,'+ or else optical oscilla- 
tions of the lattice at the frequency w = A / f i  (Ref. 5). Several 
papers have already been published5-, in which the observa- 
tion of the dependence of the type (1) is attributed to optical 
oscillations of the crystal. It must be borne in mind, how- 
ever, that only a combination of measurements of the spin- 
lattice relaxation and the investigation by other methods can 
lead to sufficiently reliable conclusions concerning the na- 
ture of the temperature dependence (1). 

The purpose of the present work was an all-inclusive 
study of the Raman processes of SLR in BaY,F, single crys- 
tals. The crystals were activated with Ce3+ and Yb3+ ions, 
in which the distance to the nearest excited Stark levels is 
usually sufficiently large, so that the Urbach-Aminov relax- 
ation processes are not very effective. As a result of the inves- 
tigation we have succeeded in showing that the observed de- 
pendences of the type (1) with A =: 60 cm- ' are due for both 
ions to Raman processes through optical vibrations of the 
lattice. 

Data on the study of EPR of rare-earth ions in BaY2F, 
are contained in our preceding paper.9 We present here only 
the principal values of theg-factors: g, = 2.702, g, = 2.143, 
gz<0.74 for Ce3+ and g, = 1.994, g,, = 2.063, g, = 5.049 
for Yb3+. Measurements of the SLR time T, were carried 
out for BaY,F, + 0.5% Ce3+ and BaY,F, + 0.1 % yb3+ 
samples in the temperture range 1.5-40 K at frequencies 9.4 
and 24.2 GHz and at different orientations of the external 
magnetic field H relative to the crystal axes. Times T, longer 
than sec were measured by the pulsed saturation meth- 

In this case the parameters are C = 7 . 4 ~ 1 0 - ~  ~ e c - ' - K - ~ ,  
B = 2.8.109 sec-', A = 92 K=64 cm-' and do not depend 
on the frequency, while A = 0.4 sec-'-K-' for 9.4 GHz and 
A = 4 sec-'.K-' for 24.2 GHz. For the Yb3+ ions, T, was 
measured in the orientations Hllz and Hlly (see Fig. 2). The 
results are well described by an expression of the type 

It was found that the parameters are C ,  = 2.9.1OP6 
~ec- ' .K-~ ,  B, = 6-10'2 sec-', A, = 89 K=62 cm-I, 
A, = 294 K ~ 2 0 4  cm-' on either the orientation or the fre- 
quency, while the parameters A, and B, depend both on the 
orientation and on the frequency and their values are 
A, =0.14 sec-'-K-', B, = 5.107 sec-' for 9.4 GHz and 

FIG. 1. Temperature dependence of the time T, of the Ce3+ ions in 
BaY,F, at Hllx: 0 - v = 9.4 GHz, - v = 24.2 GHz. Solid lines--cal- 
culation by formula (2). 
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F IG .  2. ~ e m ~ e r a t u r e  dependence of the time T, of the ions Yb3+ in 
BaY,F,: 0 - Hllz, v = 9.4 GHz  - Hllz, v = 24.2 GHz; A - Hlly, 
v = 9.4 GHz; A - Hlly, v = 24.2 GHz. Solid lines--calculation by for- 
mula (3). 

A, = 4.3 sec-'.K-', B, = 2-lo8 sec-' for 24.2 GHz at HIIz, 
and B, = 2.108 sec- ' for 9.4 GHz and A, = 47 sec-'.K-I, 
B, = 8.7.108 sec-' for 24.2 GHz at Hlly. It is seen from Figs. 
1 and 2 that below 4 K direct processes predominate in the 
SLR of the Ce3+ and Yb3+ ions. For the Yb3+ ion in the y 
orientation at the frequency v = 9.4 GHz an anomalous de- 
pendence T, ' = 0.48 T2.5 is observed and is apparently 
due to SLR under cross-relaxation conditions.1° In the tem- 
perature region 4-5 K, for a better description of the experi- 
mental temperature dependences of T  ; ', we introduced in 
expressions (2) and (3) terms of the type T9, which are obvi- 
ously due to the usual Raman second-order SLR via acoustic 
phonons. At temperatures above 5 K, processes that depend 
exponentially on the temperature (1) begin to predominate in 
the SLR of Ce3+ and Yb3+, with A = 92 K for Ce3+ and 
A, = 89 K for Yb3'. It was verified that there are no angular 
and field dependences of B for Ce3+. For Yb3+, however, 
both angular and field dependences of Bl were observed, and 
the angular dependence is apparently the derivative of the 
field dependence, inasmuch as in all the measurements the 
coefficient B, is determined by the value of H. To describe 
the temperature dependence of Tl of Yb3+ ions in the region 
20 < T <  40 K it was necessary to introduce in (3) a second 
exponential term. In this case no field dependence was ob- 
served here. 

As already mentioned, exponential temperature depen- 
dences of T ;  ' are possible both for Urbach-Aminov pro- 
cesses, and for Raman processes. Without additional experi- 
mental data, it is impossible to draw any reliable conclusions 
concerning the nature of these dependences. Our case is 
made more complicated also by the fact that for Yb3+ the 
coefficient B, is field-dependent. A dependence of this type 
for exponential relaxation processes was not observed ear- 
lier. In addition, attention is called to the equality of the 
value of A for Ce3+ to that of A, for Yb3+ (the difference is 
within the limits of the measurement errors), which suggests 
that they are of the same origin. Taking all this into account, 
additional investigations were performed. 

To verify the presence or absence of Stark levels with 
A ,z89  K and A2z294 K in the case of Yb3+, through 
which Urbach-Aminov processes can be realized, we plotted 
for the BaY2F8 + 0.1% Yb3+ sample at the temperatures 77 
and 4.2 K the luminescence spectra corresponding to the 
transitions 2F5,2+2F,,,. The spectrometer was an MDR-2 
monochromator with a diffraction grating having 600 lines/ 
mm. The investigation has shown that there are no excited 
levels with energy lower than 80 cm- in the Stark structure. 
Consequently the exponential term in (3) with A, = 89 
K r 6 2  cm-' cannot be due to the Urbach-Aminov process. 
In addition, it was observed that four most intense lines 
stand out in the luminescence spectrum. Assuming that 
these lines correspond to transitions from the lower level 
,F5/, of the term to the Stark levels ,F,/, of the term, we 
determined the positions of the 'F,/, term, namely 0, 205, 
213, and 445 cm-'. The position of the first excited Stark 
levels (205 cm-'=295 K) agreed well with the value 
A, = 294 K in (3). Since it is necessary also to satisfy the 
condition A, < O to be able to realize the Urbach-Aminov 
process through this level, we have estimated the value of O 
for BaY2F8 using the formula" 

where q is the number of atoms in the molecule, M is the 
molecular weight, p is the crystal density, and v, and v, are 
the longitudinal and transverse sound velocities in the crys- 
tal. The structural data1' yield for BaY,F, the value 
p = 5.04 g/cm3. The speeds of sound (v, = 5.56 km/sec, 
v, = 2.84 km/sec) were measured by us in a certain arbitrary 
direction of the crystal by the method of reflected ultrasound 
pulse at a frequency 13.4 MHz at liquid-nitrogen tempera- 
ture. The value 0 = 394 K calculated from formula (4) 
turned out to be larger than the energy 295 K of the first 
excited Stark level of Yb3+, so that it can be concluded that 
the second exponential term in (3) is due to the Urbach- 
Aminov process via a Stark level with A = 295 K. 

Next, to observe the possible vibrational energy level 
with A z 9 0  K, we investigated the spectra of the Raman 
scattering of light. These spectra were obtained at room tem- 
perature for the following samples: 1) BaY,F, + 0.1 % 
Yb3+ +0.1% Nd3+; 2) BaY2F,+0.05% Er3+; 3) 
BaY,F8 + 0.5% Er3+, using a Raman-scattering spectrom- 
eter of the "Coderg" Company (France), in which the excit- 
ing light source is an He-Ne laser (A, = 632.8 nm). The scat- 
tered light was registered at an angle 90" to the incident light. 
The paramagnetic impurities in the samples were monitored 
by an EPR method. For all the samples we observed reliably 
in the Raman-scattering spectra a line with A = 60 
cmP'=86.4 K, and no influence of impurities were noted on 
its position and intensity. The results offer evidence of the 
presence in the vibrational spectrum of BaY,F8 crystal of 
singled-out oscillations with energy 60 cm-', belonging to 
the optical branch. 

Thus, the good agreement between the values A and A, 
obtained from the SLR of Ce3+ and Yb3+, on the one hand, 
and the position of the vibrational level that manifests itself 
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FIG. 3. Energy level scheme of a Kramers ion in the crystalline and mag- 
netic fields. 

in the Raman spectra, on the other, as well as the absence of a 
Stark level for Yb3+, in this region, enable us to conclude 
that the exponential terms in (2) and (3), with A =A, =:90 
K=63 cm- ', are due to Raman two-phonon processes with 
predominant participation of optical phonons of energy 
-60 cm-' in the relaxation. 

Special notice should be taken of the observation, for 
the Yb3+ ion, of a field dependence of the contribution made 
to the SLR rate by optical vibrations of the lattice, since no 
such dependence was observed earlier. In Ref. 5 is given a 
theoretical analysis of the rate of the SLR due to optical 
lattice vibrations, but the field dependence in this case was 
not predicted. Orbach13 has predicted theoretically that an 
H *T7 dependence will predominate in the rate of the SLR of 
Kramers ions over the ordinary T9 dependence, if the Stark 
structure of the ion has closely lying levels as was indeed 
observed experimentally in Refs. 14 and 15. Using the proce- 
dure of Refs. 5 and 13, we obtained an expression for the rate 
of the Raman SLR due to optical vibrations of the lattice 
under condition of closely lying Stark levels of a Kramers 
ion. The energy levels scheme of the ion is shown in Fig. 3. 

For simplicity, just as in Ref. 13, we take into account 
the contribution made to the SRL only by the first excited 
level / + 1 q )  and ignore the contribution from the following 
levels. Since in our case the second excited state I f 4 r )  is 
located close to the first I + 4 q ) ,  we shall take into account 
the addition made by the magnetic field to the state / + 4 q )  
from the state I + 4 r )  (Ref. 13): 

where A, is the energy distance between the states I f 4 r )  
and 1 + 4 q ) .  The probability of the transition 
/ + 4p)-+I - hp)  due to the spin-lattice interaction per unit 
time can be written in the formI3 

where 

The last expression is written under the assumption that the 
quantity (6, + 6, )/2 is negligibly small compared with A,, 
and with the energies of the created (fiw,, ) and of the annihi- 
lated (fiw,.,. ) phonons. By E,, we mean here the same as in 
Ref. 13, namely the average deformation which is indepen- 
dent of the direction. Substituting (5) in (7) and taking terms 
of first order only into account, relative to (PAH/A,), we 
obtain 

where 

p,","f' = ( -'lzp 1 vn7,"1 ' / 2 q )  (1/2q I v:: I 1 / 2 P ) ,  

mm' 
Qnn, = ( -'12p I VnmI ' I z q )  (i/2rI vnYi c / 2 p )  

In (8) we took into account the fact that 

I <N+1 I E,, I N )  I =knm[fi (N,~m+1)/2Monml'A, 

I ( ~ - l j e , , , , l  N >  I =k,.,.[fi~,~,~/2Mo,~~~]'", (10) 
N ,,,, = [exp (-fio,,lkT) - I ]  -', 

where it4 is the mass of the crystal. For optical phonons we 
shall use for the wave vector a simplified dispersion relation 
of the type5 

k-=n ( o , - o ) / 2 u A o ,  (11) 

where w, is the angular frequency of the optical phonons 
with k = 0, a is the interatomic distance, andAw is the width 
of the band of the optical lattice vibrations. Then, substitut- 
ing (8) and (1 1) in (6) and performing slight transformations 
under the assumption that the Zeeman splitting of the level 
I + t p )  is 6, <do, and that Awgw,, we obtain 

609 Sov. Phys. JETP 56 (3), September 1982 I. N. Kurkin and K. P. Chernov 609 



where p = M/Vis the density of the crystal. We introduce 
next the notation 

where h is a unit vector of the magnetic field H. Assuming 
that A,24APq and kT4A,, we obtain ultimately an expres- 
sion for the rate of the SLR: 

we obtain the expression 

which is similar to (15) in Ref. 5, differing only by the coeffi- 
cient in front of the exponential, due to the error incurred in 
Ref. 5. If 

pA<1/2rl hJl i lzq)ApqQ I a0a.p 

then 

bo x H Z  exp ( - F )  

Putting 
n 7 ~ 2 1 ~ 1 2  

D= 
9.2"a10p%oAp,' ' 

we write down expression (13) in the form 

Ti-'=D ( i + H d )  ' exp ( - A o / k T ) ,  

and, comparing (17) with (I), we have 

B=D ( i + H d )  2. 
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FIG. 4. Field dependence of the coefficient B, for Yb3+ ions in BaY,F,. 
The solid line is drawn in accordance with formula (18) with the param- 
eters given in the text. 

Figure 4 shows the field dependence of the coefficient 
B, for Yb3+. The circles correspond to the experimental val- 
ues of B,. The solid line is a plot of expression (18) with 
parametersD= 8x106sec-'andd = l . l ~ l O - ~ O e - ' . I t i s  
seen that expression (18) describes the experimental data 
very well. For the Ce3+ ion it follows from experiment that 
D =B = 2.8.109 sec-' and d <  lop5 Oe- '. 

We now estimate theoretically the values of D and d. 
For Yb3+ we have A, = 205 cm-I, A, = 8 cm-', A, = 60 
cm-', and, assuming that Q-2P and (4 rlhJl4 q) =: 1, we 
obtain d z  Oe-'. Since p = 5.04 g/cm3 and 
a ~ 2 . 3 X  lo-' cm for BaY2F8, it follows that assuming 
Aw = 5 ~ rn - '= lO '~  sec-' and I PI = A  ;, we obtain 
D=;3 x 10' sec-I. For Ce3+, assuming A, -A,, we obtain 
d=: lo-' Oe-', and an estimate of D was given above. Rec- 
ognizing the assumptions made above, we can assume that 
the estimates of D and d are close enough to their experimen- 
tal values. 

Thus, our comprehensive investigations have shown 
that an important contribution is made to the spin-lattice 
relaxation of the ions Ce3' and Yb3+ in BaY2F8 by the Ra- 
man processes with participation of optical lattice vibrations 
with energy -60 cm-'. The observed field dependence of 
the rate of the SLR of the Yb3+ ions is well explained by 
taking into account the proximity of the first and second 
excited Stark levels. 
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tion and for a discussion of the results, to B. N. Kazakov and 
R. Sh. Zhdanov, Yu. G. Nazarov and I. Kh. Shakirov for 
help with the experiments, and I. G. Podkolzina for supply- 
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