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Results are reported of an investigation of the absorption of the energy of low-frequency electromagnetic and 
acoustic fields by a system of non-Kramet-s Ho3+ ions in a CaWO, matrix. It is observed that in an external 
magnetic field corresponding to the intersection points of the hyperfine sublevels of the Ho3+ ions the field 
dependence of the absorption has local singularities. It is demonstrated experimentally and theoretically that 
the effect is due principally to Orbach-Aminov relaxation processes at 4.2 K, and to direct transitions between 
the energy levels at the points of their intersection at 1.6 K. Comparison of the theory with experiment 
yielded estimates of the constants A ,  A ,, and B of the spin Hamiltonian, of the distance 6 to the nearest 
excited Stark level of the Ho3+ ion, of the spread y of the dipole fields, of the rate of' relaxation due to the 
direct or Orbach processes, as well as of the spin-phonon coupling constant, which turned out to be somewhat 
larger than expected. It is noted that the distinctive structure of the Ho3+ ion energy levels in crystals with 
Scheelite structure makes the low-frequency procedure highly informative. 

PACS numbers: 32.60. + i, 35.10.Fk 

1. INTRODUCTION 

In a search for nuclear acoustic resonance signals of 
Tm3' ions in the van Vleck paramagnet LiTmF, we ob- 
served four intense longitudinal ultrasound-absorption 
signals a t  -10 MHz, which were found to be due to the 
presence of a non-Kramers Ho3+ ion impurity of very 
low density in the crystal. We registered also energy- 
absorption lines from a low-frequency electromagnetic 
field, where the Ho3' ions interacted with the magnetic- 
field component parallel to the external constant mag- 
netic field (we shall refer hereafter, for brevity, sim- 
ply to absorption of the alternating-magnetic-field en- 
ergy). If it is recognized that the study of certain non- 
Kramers ions by resonance methods in the microwave 
band entails certain difficulties (the EPR lines a r e  
symmetrically broadened by strong spin-photon inter- 
actions and by local lattice distortions), our interest 
in the observed phenomenon becomes understandable. 

The van Vleck paramagnet LiTmF, has ave ry  large mag- 
netostriction effect,' which hinders greatly investigations 
of ultrasound absorption. In addition, the Ho3' ion den- 
sity in the investigated sample was too small  for a 
reliable observation of alternating magnetic field ener- 
gy absorption lines. We chose therefore to investigate 
single-crystal CaW0,:O. 5 at.%Ho3+, which has the 
same crystal structure a s  LiTmF, (local symmetry 
S,) but i s  free of the indicated shortcomings. 

The very f i rs t  experiments yielded unexpected and a t  
f i rs t  glance not properly understood results. It seemed 
that negative absorption of the electromagnetic energy 
appears in the spin system at  certain values of the lon- 
gitudinal external magnetic field component when the 
temperature i s  raised from 1 . 6  to 4 . 2  K, and a t  other 
values when a transverse component appears. It will 
be made clear below that the entire se t  of the experi- 
mental results  can be described, a t  least qualitatively 
within the framework of the theoretical approach de- 
veloped by us. 

2. SPIN HAMILTONIAN AND ENERGY LEVELS 

The Hamiltonian that describes the states of a non- 
Kramers ion with a definite total magnetic moment J 
can be written in the form 

w h e r e e , ( J )  describes the energy of the interaction of 
the ion with the crystal  field of basic symmetry. 
a81fr(J) i s  due to the local distortions of the symmetry. 
&P,=g,p(HJ) i s  the Zeeman energy in the magnetic 
field, and&;;, =A(JI) i s  the hyperfine interaction with 
the nuclear spin I .  Here g, =$ i s  the Land6 factor 
and A = +812.1 MHz i s  the hyperfine-interaction con- 
stant of the free ion.' 

A crystal  field of local symmetry S, splits the ground 
multiplet of the Ho3+ ion (/". '1,) in such a way that the 
lower s t a t e  i s  a non-Kramers doublet split by the hy- 
perfine interaction into 8 sublevels ( I = + ) .  A singlet 
i s  located a t  a distance 6 -9 cm-' from the doublet, and 
the states above a r e  singlets and doublets. The Hamil- 
tonian ( I ) ,  projected on the doublet states in the usual 
manner but with account taken of the terms of second 
order i n z  -&P:,(J), i s  expressed in terms of the ef- 
fective spin S = $ in the form 

where the z axis is parallel to the C, axis of the undis- 
torted complex, 9 i s  the angle between the z axis and 
the external magnetic field, I, and I, =I i i I, a r e  the 
nuclear-spin operators, S, = and S, =S, * is, a r e  the 
operators of the effective electron spin (the states *f 
corresponds to the doublet states / 5 ,$ and /E, ,) ,  which 
a r e  conjugate according to Kramers),  and the presence 
of terms containing A, =+(A, i iA,) i s  due to random 
local distortions of the symmetry S, of the crystal 
field, which a r e  distributed about zero in accord of a 
certain, say Gaussian, law: 
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The experimental ly  obtained p a r a m e t e r s  g,, = 13.69;  
A,, = 0.299 cm"; A, = 0 . 0 3  cm-' w e r e  taken f rom Ref. 4. 

The  l a s t  two t e r m s  of (2) a r e  s m a l l  and d o  not influ- 
ence the ESR s p e c t r u m ;  they a r e  there fore  not taken 
into account in  ESR invest igat ions of non-Kramers  ions. 
A, and B can be es t imated  by using perturbat ion theory 
f o r  the degenerate  levels5 up  t o  second o r d e r  in  

- x , ( J )  inclusive: 

We have confined ourse lves  f o r  s implici t ly  in second 
o r d e r  t o  the s inglet  s t a t e  Is) c loses t  to  the ground 
doublet and retained only the spin-Hamiltonian t e r m s  
that have mat r ix  e lements  miss ing  f rom f i r s t - o r d e r  
perturbat ion theory.  

T h e  energy-level  s c h e m e  determined by the f i r s t  two 
t e r m s  of the spin Hamiltonian (2), which a r e  l a r g e r  
than the remaining ones, is shown in Fig.  l a .  The  r e -  
maining t e r m s  can be accounted f o r  by perturbat ion 
theory.  

3. PROCEDURE AND EXPERIMENTAL RESULTS 

The  experiment  w a s  performed a t  t e m p e r a t u r e s  
1 .6 -4 .2  K. The energy  absorbed f rom the al ternat ing 
magnetic field of frequency 5-8 MHz w a s  reg i s te red  
with Pound-Knight-circuit autodyne. The energy of the 
-10 MHz ultrasound field was  reg i s te red  with an auto- 

-- 

NMR '/I 

FIG. 1. a )  Energy levels of ffo" ion in Ca\V04 single crystal 
in a magnetic field parallel to the C4 axis a t  Am,=  0 (C) ,  
Am,= 2  (a) and A m,= 1 (F). b, c, d) Derivative of the absorp- 
tion of the energy of an alternating magnetic field parallel to 
the C4 axis of the crystal a t  H II C4: b) T = 4 . 2  K,  c )  T = 4 . 2  K,  
theoretical curve, d) T =  1.6 K. e) Derivative of the ultra- 
sound-energy absorption a t  H IIC$, T = 4 . 2  K .  

dyne osc i l l a to r  based on the Sadykov circui t .  T h e s a m -  
ple  measur ing  10 x 10 x 5 m m  w a s  a n  acoust ic  resona tor  
with a n  a x i s  para l le l  t o  the C, axis of the c rys ta l .  The 
longitudinal ul t rasound wave w a s  excited a t  one of the 
overtones of the acous t ic  r e s o n a t o r  with the aid of a n  
X-cut quar tz  piezoelectr ic  conver te r  secured  to the 
s a m p l e  with a s i l icone oil.  The  m e a s u r e d  ultrasound 
velocity w a s  v = ( 4 . 6 7 *  0. 0 5 ) x 1 0 5  cm/sec .  T h e  ab- 
sorpt ion s p e c t r a  w e r e  recorded  by using rectangular  
modulation of the magnet ic  field with a total  amplitude 
swing 1 0  Oe  and frequency 1 7  Hz. 

F igure  l b  shows the derivat ive of the spec t rum of 
energy  absorption f r o m  a n  al ternat ing magnetic field 
para l le l  to  the C, ax is ,  a t  H 11 C, and T = 4 . 2  K. On the 
r ight  s ide  is plotted the NMR signal  of the proton con- 
tained in the control  sample .  Absorption l ines  w e r e  
observed in f ie lds  corresponding t o  2g,,PH,/A,, = 2 , 4 , 6 ,  
while l ines  a t  the points 2g,,PH,/A,, = 1 ,  3, 5, 7 have the 
appearance  of alternating-magnetic-field emiss ion  en- 
e r g y  l ines .  T h e  l ines  widths between the inflection 
points a r e  A H , = 2 4 * 3 ;  A H , = 2 3 * 3 ; A H 5 = 1 7 i 3 ; A H ,  
= 6 0 * 3 ; A H , = A H 4 - A H 6 = 2 5 * 3 0 e .  When the angle 0 
between the C, a x i s  and the ex te rna l  magnet ic  field is 
increased ,  the absorpt ion l ines  a t  points 2, 4, and 6 
turn into emiss ion  l ines  (Fig.  2). 

At H 11 C, the emiss ion  l ines  a t  points 2, 3, 5, and 7 
turn very  rapidly into absorpt ion l ines  a s  the t empera-  
t u r e  is lowered. The t e m p e r a t u r e  dependence of the 
amplitude of these  l ines ,  m e a s u r e d  in proton NMR ab- 
sorpt ion uni ts  in a control  sample ,  wil l  be  d i scussed  in 
de ta i l  l a te r .  We note h e r e  that the absorpt ion v a r i e s  
s t rongly in the  in te rva l  4 . 2  - 2 . 0  K but r e m a i n s  p rac-  
tically constant a t  t e m p e r a t u r e s  2 .0  - 1 . 6  K. The line 
ampli tude was measured  a t  a rec tangula r  magnetic- 
field amplitude modulation havinga swing l a r g e r  than the 
line width. T h i s  modulation method is known7 t o  permit  
regis trat ion of the absorpt ion line itself,  and not of i t s  
der ivat ive.  The  shape  of the derivat ive of the spec-  
t rum a t  T = 1 . 6  K is shown in Fig. Id .  

The  presence  of emiss ion  l ines  in the spec t rum is 
physically difficult t o  understand, s ince  n o  population 
inversion of the spin leve l s  w a s  produced in the s y s -  
tem. We have there fore  attempted t o  observe  not the 
derivat ive of the absorpt ion spec t rum,  but the field de-  
pendence of the absorpt ion (of the amplitude of the auto- 
dyne osci l la t ions)  without modulating the  field. Although 

FIG. 2. Transformation of the maximum of the absorption of 
the alternating-magnetic field energy a t  the point correspond- 
ing to 2gl BHzAl, = 4 a t  T =  4.2 K into a minimum when the angle 
0 is increased. 
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one could hardly expect a large signal/noise ratio, the 
latter was sufficient to establish the following: With 
increasing magnetic field, the absorption increases 
monotonically, a s  is incidentally seen also from Fig. 
1, and local maxima and minima of the absorption a r e  
observed against the background of this absorption. 
Naturally, in the case of differential passage, espec- 
ially a t  low magnetic-field modulation amplitude, these 
maxima and minima look respectively like absorption 
and "emissionm lines. 

The interaction of longitudinal ultrasound with the 
spin system of the Hog+ ions takes place only a t  the 
points 1, 3, 5, and 7, where ultrasound-absorption 
maxima a re  observed. The derivative of the absorption 
spectrum of ultrasound propagating along C, a t  HIIC, 
and T = 4.2 K is shown in Fig. le .  The width of the 
absorption lines between the inflection points is 110 
* 10 Oe, and the ultrasound absorption coefficient is 
6 = cm'. 

4. THEORY 

In Fig. l a  a r e  singled out the intersection points of 
the levels whose wave functions a r e  connected with any 
one of the three last  terms of the Hamiltonian (2). At 
a specified value of H ,  the stationary states of the 
Hamiltonian can be numbered by the integer index 
a(-8 Q a G 8, (Y f 0) such that an increase of a! corre- 
sponds to an increase of the energy of the state. 

The operator part&"k(M) of the interaction with an 
alternating magnetic field having a low frequency o and 
an amplitude h is odd with respect to the time reversal  
operation, and therefore for an ion for an even number 
of electrons i t  has for the states 15,) and (To) only off- 
diagonal matrix elements of opposite sign.' In terms of 
the effective spin, X;(M) takes therefore the form 

a s t ( M )  =gnbh, z ~ 2 c o s  at. (5) 
f 

The o p e r a t o r X i ( ~ S )  of the interaction with the ultra- 
sound field due to  modulation of the crystal potential is 
even with respect to time reversal  and has off-diagonal 
elements between (5,) and ) t o ) ,  while i t s  diagonal ma- 
trix elements for these states a re  equal to one another.' 
It can therefore be written in the form 

&fnl(US) - I: (G+S-j+G-S+') ea cos (Pt-kr,) , (6) 
I 

where j is the index of the ion, E ,  is the amplitude of the 
deformation, 52 is the frequency, k is the wave vector, 
and G is the spin-phonon interaction constant. 

Since we a r e  dealing with energy absorption from low- 
frequency fields, the primary absorption mechanism 
should be taken to be relaxation. In addition, direct 
transitions between the intersecting energy levels of the 
non-Kramers ions a re  also possible. Consider any two 
states, 1 a 1 and ( -a),  coupled by a spin-lattice transi- 
tion. Their contribution to the total relaxation absorp- 
tion of the energy of an alternating magnetic field is 
proportional to 

and the corresponding contribution to the ultrasound 
absorption is proportional to 

2 

I<*al&f=(US) I*a) I' 62z,-,/(622za-,+f). (8) 

Here &O,(M) andZH(US) a r e  the operator parts of ( 5 )  
and (6) respectively. 

Consider, by way of example, the contribution made 
to the absorption by intersecting levels ( a  = 1) corre- 
sponding to states with identical projection of the nu- 
clear spin m,. F a r  from the intersection points, the 
mean value oT the operator S, in (5) is $ and -$ in the 
states 1 a) and 1 -a) respectively. Owing to the presence 
of the term AS, + A,S, in (21, the states 1 a )  and I -a) a t  
the intersection points a r e  greatly altered and a r e  
given by 

~*a)=2-'''(~'/z)*~-'/2)) lm,),  

and the mean value of the operator S, in either state 
becomes equal to zero. As seen from (7), the contri- 
bution of this pair of levels to the relaxation absorp- 
tion vanishes in this case. 

As for the absorption due to transitions in the spec- 
trum of the paramagnetic ion, it occurs on the contrary, 
only near the intersection points, since we a r e  dealinghere 
with absorption of low-frequency quanta. If i t  is as- 
sumed that on the whole the relaxation contribution pre- 
dominates a t  T = 4.2  K, then i t  is clear that the alter- 
nating magnetic field absorption curve will have a local 
minimum a t  the intersection point. Furthermore, 
since o ,  S1-2n. 10' sec-l, one can expect satisfaction of 
the conditions or,-,, arm-, >> 1, even though the ions 
with even numbers of electrons a r e  strongly coupled to 
the lattice vibrations. The Debye functions in (7) and 
(8) can therefore be replaced respectively by (~7,-,)-I 
and (527,-,)-'. Since the direct spin-lattice coupling 
of the intersecting levels is effected by low-frequency 
phonon modes corresponding to a low spectral  density 
of the phonons, i t  follows that the Orbach-Aminov re- 
laxation process is more effective for such states. In 
this case, however, the relaxation absorption should 
decrease with temperature like exp(-6/k,T) and one 
can expect direct absorption to begin to predominate 
quite rapidly with decreasing temperature. This 
agrees with the experimentally observed replacement 
of the "emissionn line by an absorption line when the 
temperature is lowered. 

As for ultrasound absorption, in contrast to the mean 
value of the operator S,, the mean value of the opera- 
tor S, differs from zero only near the intersection 
points. Therefore the ultrasound relaxational absorp- 
tion, just a s  the direct absorption, is concentrated 
near the intersection points. It is not surprising that 
no ultrasound "emission" line has been observed. 

Other features of the absorption can also be explained 
by taking joint accounts of the contributions of the re -  
laxational and direct absorptions. A qualitative discus- 
sion of these features, similar to that presented 
above, would take up too much space; we proceed 
therefore to the quantitative theory, in the course of 
which the necessary clarifications will be made. 

Using projection operators, the Hamiltonian (2)  can 
be rewritten in the form 
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In fields corresponding to 2g, , f iH,/A, ,  = 1 ,3 ,5 ,7 ,  the en- 
ergies and eigenfunctions with -3 a a < 3 can be approx- 
imately obtained from the solution of the secular equa- 
tions. For example: 

E , = [ E ' + A ' ] ' ~ / ~ ,  l i ) = A 1 * l l / z ,  m,)+B,I-'l2, mI> ,  
E-,=-El, I - i ) = B I  1 ' l z ,  mJ-A,  1 -'la, m,>, 

E ~ = ( A , , - - [ E ~ + B ~ ~ ~ I  " ) / 2 ,  12)=Azl'/2, ~ r - l ) - B 2 ~ - 1 / 2 ,  m,+i) ,  (10) 
E2= (All+ [e'+Bzx'] '") /2 ,  13) =Bz I I/,, m,- l )+A,  I -'I,, mI+l>,  

where 

States with a = - 2  and -3 can be obtained similarly. 
The remaining states a r e  the same a s  those far  from 
the intersection points. 

In fields corresponding to 2g , ,PH/A, ,  =0,  2 ,  4, and 6 
the expressions for E, and 1 a) ( - 2  c a -i 2 )  a re  

where 

The states with a = -1 and -2 can be obtained in exactly 
the same way. The remaining states remain likewise 
unchanged. The values of m, a t  the intersection points 
0, 2 ,  4, and 6 correspond to that point of intersection 
of levels with the same values of m, which is to the 
right of the considered field value. 

We now express the operators (5) and (6) in terms of 
the projection operators. Near the points 1, 3, 5, and 
7: 

. . 
&t(US)= -- : 7 {[(A, + iA.)G- + (4 - iAJG.1 (p11' - El-Z) 

x(ea + A')-'/* + [(e - [ea + Aa]qx)a G- - (Ax - iA,)aG+] [ ( E  - [&a + 
t Aal-' ell $ Hc. ) e~ cos (Qt - krj) .  (13) 

Near the points 0, 2 ,  4, and 6 
1 y gH' (M) = g Bhlz cos ot [e (PBZ' - P ~ i j  + P!I-1 - P!Z-Z) 

+ A ~ L  (palj + PlZ3 + ~ i _ l - ~  + pi,,)] (ex + Alaha)-'11 + 2 (A- P!-)}. 
rut[-Z.ll 

There is no interaction with the sound in the vicinity of 
these points. The operators contain projection opera- 
tors that a re  diagonal in the indices and a r e  responsible 
for the relaxation absorption, a s  well a s  off-diagonal 
operators that cause direct transitions in the ion energy 
spectrum. 

The absorption of the energy of low frequency 
fields, regarded a s  the linear response of the system 
to a weak perturbation, can be connected with the im- 

aginary part of the generalized susceptibility8: 

The susceptibility components X: a re  due to relaxa- 
tion absorption, while X: a r e  due to direct transitions 
in the spectrum of the paramagnetic ions under the in- 
fluence of the low-frequency fields. Using the Callen- 
Welton  relation^,^ we can relate the quantities X" with 
the corresponding correlation functions of the operators 
Pi , .  Assuming that Ax and A, have independent Gaus- 
sian distributions about zero, and in the simplest 
manner with the aid of the distribution function f(cJ) 
= y/{n[(c - E ' ) ~  + 2]}, taking the dipole fields into ac- 
count, we obtain a t  the points 1, 3, 5, and 7 

" - 
x&'(M) =D. { j d ( ~ ' )  d r ' P ( A 2 ) f ( ~ ' )  [A'@,-l (m) [ (er)'+Az]-' 

U -- 

where 

p ( b 2 )  =Ao-' exp (-AYA,'),  DI=Nno (gl l~h,z) ' (16kgT)-L,  
DI=NnQ(lGJ eo)'(i6kBT)-'; 

N is the number of ions in the sample, and the corre- 
lators - 

K.)(o)  = (211) - I  1 d t  exp(iwt) ( [Pa.(t) - P ~ p ( t )  I [Pao-Pppl)ol< (Pa-Ppp)'),; 
- - - 
(a) = ( 2 1 ~ ) - ~ 1  dt erp (fat) (Pap ( t )Po=)o l (PobP~)~  

(M+OI -- 
a r e  approximately written in the form 

where 7;; is the rate of the relaxation transition between 
the states and I a) and I P ) ,  and 

We assume that A, > y ;  Tio, En<< A,, y(Ao=0.03 cm-I 
= 50 Oe; an estimate of y using the equations of the sta- 
tistical theory,' recognizing that g, = 0 a t  an Hos ion 
density c = 0.005, yields y = 0.01 cm" = 16 Oe; Ew, tiS1 
= 3 . lom4 cm" = 0. 5 Oe). It is also natural to assume 
that a t  helium temperatures the spin-lattice coupling of 
states that differ in energy (E, -E, -g , , f lH,  A , , ) ,  is via 
direct processes. As for the quasidegenerate states a t  
the level intersection points, direct processes, a s  al- 
ready mentioned, a r e  not very likely to be effective be- 
cause of the low density of the lattice oscillators: 
pph"(Ea -Eg)'. It can be assumed that these states 
a re  coupled by Ohrbach relaxation: 7;; -exp(-6/k,T) 
(Ref. 10). It is easy to show that 7:; for states con- 
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taining wave functions with different values of m ,  is 
given by 

The relation T : , ( & ) =  ~ ~ ' ( 0 )  is of no significance for in- 
tersecting states with Am, = O .  In addition, r;\= TI;_,. 
Taking all  the foregoing into account, a s  well a s  the 
ear l ier  assumptions WT,_,, SIT,_, >> 1 ,  we present a 
few estimates. At the points 1,  3, 5, and 7 

i f  B2n2<A2w2. In the opposite case the second term of 
( 21 )  vanishes identically. The terms containing B x  
vanish identically a lso  a t  the point 7 .  The divergence 
in the denominator of the second term in ( 21 )  is due to 
the use of the function ( 1 9 ) .  We note that the function 
@,,(w) has a finite width a l l  the same, owing t o  the 
flip-flop processes between the intersecting levels: 

x,"(US) %F2T-' [ P r ( O )  ] -' [ I -  (E'!A,') esp (E' /A, ' )E,  ( ~ ~ / 4 , ' ) ] ,  (22)  
x /  (Y3)  %F2T-' (hQ)'y ( ~ ' f r ' )  -'A,-?. 

Here F,=.V(gl ,$h , ' )Z/ (16k8) ,  F ,=K(  I G I E , ) ' / ( I ~ ~ ~ ) .  (23)  

Expressions for X "  in the \ricinities of the points 0 ,  2 ,  
4, and 6  were obtained in similar fashion: 

m 

x," ( h f )  = FIT-' [! ( o r  (O))-' ( .!-la t t. (F')" ( E ' ) [ ( c ' ) ~  -L .4L2hal* de' 

if A2w2 >A: h2. In the opposite case x;(M) = O .  The 
values of x;(US) and $(US) a r e  identically zero. The 
function E, (x ) ,  which i s  a modification of the integral 
exponential function, is tabulated in Ref. 11. 

The quantity (c~/A:)~x~(E~/A~)E~(&~/A~) tends to zero  
a t  ( C 2 / ~ Z , )  << 1 and to unity a t  ( c 2 / ~ : )  >> 1 and i t s  half 
width a t  half maximum i s  -Ao.  We have 

The physical meaning of these approximations i s  
easily understood. If the scat ter  of the local magnetic 
fields i s  relatively small  (A: h2 >> y 2 )  the energy levels 
of practically all  ions intersect a t  a definite value of 
the external magnetic field H,  corresponding to c =0,  
and there i s  no relaxation absorption in this field: the 
function (26)  has a local minimum at  & =O. If, how- 
ever,  the scatter is large ( A :  X 2  < < y 2 ) .  only a small  
fraction of the ions for which the local field is zero  
does not contribute to the relaxation absorption; the 
absorption a t  c  = O  is therefore different from zero, a 
fact reflected in the estimate ( 27 ) .  

The same can be stated concerning the integral in 
( 20 ) ,  where A,X is replaced by B x .  

5. DISCUSSION OF RESULTS 

The parameter B  was calculated from Eq. ( 4 )  using 
the wave functions of the lower doublet and of the f i rs t  
excited singlet, obtained by I. N. Kurkin and E. A. 
Tsvetkov on the basis of the data of Ref. 3: 

and amounted to B z 0 . 0 0 2  cm"=3.13 Oe. 

Since we do not know the form of the Hamiltonian 
A x r ( J ) ,  the value of the parameter A ,  a t  H 11 z was es -  
timated from the formula A,  - A , A / 6  -9  - lo'= cm-' 
~ 0 . 1 4  Oe. We have n - 3 1 . 0 .  26 .8 ,  18 .4 ,  and 0  at  the 
points 1, 3, 5. and 7 .  respectively and A = 7 . 6 ,  7 . 0 ,  
and 5 . 2  at  the points 2,  4 ,  and 6 .  Since B x > y  at  
points 1, 3,  5  and A,h < y ,  the integrals in ( 2 0 )  and ( 2 4 )  
were replaced respectively by the approximate expres- 
sions ( 26 )  and ( 27 )  [A ,x  in ( 2 6 )  must be replaced by BY.] .  
The second term in (21 ) was excluded. since fiw ; B x. 
According to our estimates A,h >fiw, but A,. a s  well a s  
A ,  has no definite value and i s  distributed near A,  = 0  
at  H 11 z .  Therefore those ions for which A,h<fiw con- 
tribute to direct  absorption of the energy of the alter-  
nating magnetic field a t  the points 0 .  2.  4 .  and 6 .  

Far  from the intersection points, only 

differs from zero. Since the energy distances ( E ,  - E-,) 
increase on the whole with increasing field, the rates 
of the direct  spin-lattice relaxation processes also in- 
crease.  Accordingly. the absorption a s  a whole in- 
creases.  Local singularities occur at the intersection 
points. At points 1, 3, 5, and 7  there is a local mini- 
mum of x,"(M) and a maximum of x,"(M).  If a t  some 
temperature x:(M) + x : ( M )  has on the whole a local 
minimum, this minimum should be replaced by a maxi- 
mum with decreasing temperature, since x=(M) 
-exp(-G/k,T). The temperature dependence of the lo- 
cal extremum of x:(M) + x;(M) at  the points 1, 3.  5. 7  
made i t  possible to separate the term corresponding to 
x:(M). Its contribution to x ; ( M )  + x;(M) i s  -80% at 
4 . 2  K .  From the dependence of this contribution on the 
temperature (Fig. 3) i t  was possible to determine 
6 = 9 . 8  i 1 cm". which agrees  with the value 6 =9 cm-' 
obtained ear l ier  by spectroscopic methods. 

FIG. 3. Plot of X:(M)T at the point corresponding to 
2 g I 8 H , A , ,  = 5 vs temperature. 
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Figure l c  shows the derivative of the spectrum at  
4.2 K ,  obtained from Eqs. (20), (21), (24), and (25) 
with allowance for (26) and (27), using the parameters 
y and A, cited above (no account was taken of direct  re-  
laxation processes, which cause a monotonic increase 
of the absorption with increasing field). A consequence, 
which in our opinion i s  subject to no doubt, with the ex- 
perimental data is obtained a t  B = 1 Oe. At the value of 
B estimated from Eq. (4), the lines a t  the points 1 ,  3, 
and 5 a r e  found to be somewhat wider than those ob- 
served in experiment. 

With increasing angle 9 between H and the C, axis of 
the crystal. i. e .  , when a transverse magnetic-field 
component H ,  appears, the quantity 

increases and can exceed y. The integral in (24) will 
then have to be replaced not by the function (27), which 
has a maximum at the points 0, 2. 4, and 6, but by the 
function (26). which has a local minimum at  these points 
This i s  indeed observed in experiment: the absorption 
maximum goes over smoothly into a minimum when the 
angle 9 i s  increased (Fig. 2). 

Using the experimentally obtained relative values of 
x:(M) and x;(M) a t  points 1, 3, and 5 we can estimate 
the parameter ~ ( 0 ) .  In our case i t  was found to be 
~ ( 0 )  - lo-, s ec  a t  4.2 K,  which i s  perfectly reasonable. 
We note that the absorption due to direct processes, 
which depends monotonically on the field, exceeds by 
more than an order of magnitude the absorption due to 
Orbach relaxation processes, i. e. . for the direct  pro- 
cesses  we have T < 0 . 1  T(O), and the value T < sec  
cited in Ref. 12 for ~ 0 ~ '  in CaWO, a t  1. 5 K corre- 
sponds more readily to just these processes. 

At a temperature lower than 2 K the relaxation ab- 
sorption due to Orbach-Aminov processes vanishes 
and what is left a r e  the absorption due to direct transi- 
tions between the levels near the intersection point, and 
the absorption due to direct relaxation processes. We 
note that the spectrum of the direct  absorption of energy 
from a low-frequency alternating magnetic field parallel 
to the z axis was observed beforeI3 in single-crystal 
LaES:Ho3+. 

The ultrasound absorption coefficient a (Ref. 10) can 
be connected with  US) by the relation 

where the crystal density p =  6. 15 g/cm3, 11, is the speed 
of sound in the crystal, and N /  V = 6.4 x 10'' cm-3 i s  the 
number of paramagnetic particles per unit volume. 
Comparing the experimentally measured value of a 
with the one calculated from (28), we found that the 
constant I G ( of the spin-phonon coupling due to the di- 
rect  modulation of the crystal  field by the acoustic 
wave should be of the order of lo3 cm-'. In principle, 
non-Kramers ions actually have a strong spin-phonon 
coupling. In particular, theoretical estimates for a 
sound wave propagating perpendicular to the trigonal 
axis in ethyl sulfate containing Ho3+ ions lead to a value 
I G ( - lo3 to lo4 cm" (Ref. 10). It follows from sym- 
metry considerations, however, that sound propagating 

along the z axis of an undistorted complex of symmetry 
S, cannot be absorbed by Ho3+ ions. Allowance for the 
local distortions of the symmetry lifts the hindrance, 
but leads to an additional small  factor -Adb. A rea- 
sonable estimate in our case is therefore 1 G I - l to 
10 cm-'. It is also difficult to understand why the 
sound-absorption line width differs somewhat from that 
of the absorption of an alternating magnetic field a t  
point 7. This ra ises  the question of the real  character 
of the spin-phonon coupling of the Ho3+ ions in CaWO,, 
and possibly of i t s  operator structure, which can differ 
from (6). These discrepancies between theory and 
experiment call for a special analysis. 

We note in conclusion that the method of nonresonant 
paramagnetic absorption turned out in our case  to be 
very convenient and very informative. The convenience 
was that the specific character of the energy spectrum 
of the Ho3+ ion makes the absorption signals resonant 
with the field, s o  that it becomes very easy to record 
them. This has made it possible, f irst ,  to obtain 
purely spectroscopic information, which is difficult and 
sometimes impossible to obtain by the ESR method, 
namely the small  values of the constants A, and B in the 
spin Hamiltonian, and the spread of the local fields y; 
second, to confirm the correctness of the values of A, 
and 6 obtained by spectroscopic methods; third, to 
obtain f o r  the relaxation t imes and mechanisms tradi- 
tional data that cannot be obtained in our case by the 
method of pulsed saturation of the ESR lines. '' We 
note a lso  that study of the absorption of low-frequency 
sound can yield in principle information on the spin- 
phonon coupling cross  section. 

The authors thank A.G. Gurevich for pointing out that 
hitherto unexplained singularities similar to those dis- 
cussed above a r e  present in the spectrum of paramag- 
netic absorption by Ho3+ ions in magnetically ordered 
inermetallic compounds. 
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