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A bstract. S p in-la ttice  H am iltoriian param eters have been derived from  m easurem ents of the 
effects of uniaxial stress upon the e p r  of B aF 2 :T m ^^ . U sing thesc param eters, one may 
calcúlate sp in -la ttice  relaxation  rales for the direct process which are in excellent agreem ent 
with the m easurem ents o f Sabisky and Anderson.

ENOOR has been used to  m easure IL ■ J ia n g e  of the ligand hyperfine in teraction  
<5(-4p -  A ^ ld F  for stress apolied parallel to üic bond axis, giving 12-5(2) kH z k g '  ‘ mm^. This 
valué is nearly  twice as large an that predicted by any m odel which has been previously 
discussed in the lite ra tu re  oí the hyperfíne in teraction  and  local d isto rtion  o f the lattice.

1. Introductíon

Baker and van Ormondt (1974, hereafter called I) have measured the clicct of uniaxial 
stress upon the e p r  of in CaFj and SrFj. They have found excellent correlation 
with the spin-lattice relaxation rates measured by Sabisky and Anderson (1970). In the 
first part of our work, described in § 2, we have performed the same sort of measurements 
on Tm^"  ̂ in BaFj. The theoretical basis for this work has been discussed in 1, so we shall 
not repeat that discussion.

The theoretical interpretation oí these measurements in terms of the orbit-lattice 
interaction requires a knowledge of the displacements of ligand ions produced by applied 
Stress. These may not be simply deduced from bulk elastic constants, because of the 
various effects discussed by Malkin and bis co-workers (Malkin 1969, Ivanenko and 
Malkin 1970, Malkin et al 1971). In order to try to measure these displacements experi- 
raentally we have measured the stress dependence of some ligand e n d o r  frequencies (§ 3). 
The interpretation of these measurements, discussed in §4, is not straightfüi%vard because 
of the relatively large covalent contribution to the ligand hyperfine interaction.

Crystab of BaFj containing 002%  and 0-05% Tm^^ were supplied by Dr C H 
Anderson of RCA Laboratories. The Tm^"^ in the crystals had been reduced by baking in 
alkaline earth metal vapour.

The apparatus used for our e p r  and e n d o r  experiments was similar to that descrioed 
by Fainstein and Oseroff (1971) operating at ~35 GHz, with 115 kHz modulation of the 
magnetic field. Uniaxia’, stress was applied vertically to a specimen of unifoim cross

t  Present A ddress: Com ision N acional de Energia A tóm ica, C entro  A tom ico Bariloche, SC de Bariloche, 
Rio Negro, A rgentina.

{ Tliis work was perform ed while the au th o r held an lA EA  Fellowship.
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section ~  1 mm x 1 mm and about 3 mm length. The end faces of thc spcanvn 
carefully polished so that the applied stress was uniform throughout thc Mmpke IV  
magnetic field was rotated in a horizontal plañe, and was therefore always pcrpcndK*';»* 
to the applied stress.

2. Electron paramagnetic resonance

The parameters of the spin-lattice Hamiltonian relating to F j strains may tv 
by finding the chango in tiie valué of induced by applying a stress f  in thc (If'r'
direction, hereafter written F(IOO), and those for F j strains by measuring A<;,,. 
et al 1968, Baker ;n •' van Ormondt 1974). Calvo et al (1974) have shown thai une iru» 
measure both of thcsc parameters in one experiment by applying f ( l  10) and mcawrr-t 
the anisotropy of A</ as / /  is rotated in the {110} plañe. The valúes of ^  for //K*'M *">3 

11) are the same as and and the variation of Ag/g with angle O mc.nu'ní 
from (001 ) is

Ag/g = b + a sin^O,

so that Ag^^Jg  =  b and A g ^iJg  = b + |a .
We have used the technique of Calvo et al, making measuremeni; on a pillar 

along {111} faces with ends polished perpendicular to tbcse ffices, so that F is arp̂ »«-‘ 
along (110). This has the advantage that only one speomen is required, but ihc 
advantage that one can have problems with crystal alignment. Misalignment can (xww* 
in two ways. Firstly ' 'v: stress may not be applied in the desired direction, eitha hccau< 
of misalignment of liio specimen cut from the solid material, or because of movcmcn! 
the specimen whcn the stress is applied. Secondly, the stres' may not be accuratcly apptictJ 
perpendicular to the plañe of rotation of the magnetic ficld.

Two samples were used in I, one cut for f(lU0) and onc for F(111), which, althpue?' i* 
is somewhat more difficult to prepare the specimens, has advantages in respcxt of 
of these alignment difTiculties. Firstly, for F(IOO) and F(111), misoricntation by í' iSt 
direction of F only produces changes in th'- 'icsircd strain by a factor of cosO and pfi’- 
duces undesired strain of order sin 0; secoiKi i>, the accuracy of alignment of both F 
H  may be checked by the lack of angular variation as W is rotated in the pianc pcrp«T> 
dicular to F.

For F(llO) both F j and F , strains occur in comparíible magnitude. and thc <cnu 
tivity of these to misoricntation of F is greater; one aiso has no check on eithcr on;ni4 
tional problem as one will always find an angular variation such as equation (1) f»>r ihí 
rotation of í f  in any plañe for any direction of F.

Henee, in using thc technique of Calvo et al it is neccssary to take great carc in 
paring and mounting the specimens. As an indication thai our crystals are wcil oricntcvl. 
we have compared new measurements on two specimens of SrF^iTm^"^ with thc mc.i- 
surements of Baker and van Ormondt; sec table 1.

Figure 1 shows the anisotropy of Ag/g for Tm^"^ in BaFj, SrF^ and CaF^, and tahkr I 
lists our new measurements of thc parameters for D iFj. Tiicse are in exccl’cnt agrccmcm 
with the predictions in 1 (their table 1), which were calculated from the spin-laltitr 
relaxation measurements of Sabisky and Anderson (1970), if allowance is madc for an 
error of a factor of 2 in Ag^^^/g. For direct comparison with the results of Sabisky and 
Anderson, we have calculated the parameters introduced in I (see their table 31 oK 
taining =  6-5(2) x 10^s“ ‘ and B^ = 96(8) x 10^s“ ‘ ; a recalculation of givo
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Table 1. Experim ental valúes of A y/y  in unils of 10 '*kgm m   ̂ for different crysials of 
Srf' j  and  BaF^ contain ing  T in^*.

C rystal <IÜO>

SrFj<*‘
SrFj
SrFj
B aF ,

- 1-2(1)
- 1-20(11)
- 1-21
-2 -0(3)

<lll>

+ 1-2(2)
+  116(10) 
+  1-05 
+  4-5(2)

(a) F rom  Baker and  van O rm o n d t (1974),

— 12-5 X 10  ̂s” ‘. The parameters which come directly from the relaxation data of 
Sabisky and Anderson are {B^ +  3 Bj) and +  B^\  which are Hsted in table 2. We 
have also Usted in table 2 our new valúes for SrFj and those for C aFj obtained in I. 
There is clearly excellent accord for i| of these materials. As noted in I, the data of 
Abragam et al (1972) is nol in such gu. vi accord with the other data.

Figure I. A ngular variation of Á g/y  in the {110) plañe for uniaxial stress applied along (110) 
and  f  =  1 kg mm  '  The curve for C a F j is calculated from  the d a ta  of I for com parison with 
o u r m easurem ents.

Table 2. C om parison  of the param eters +  3 B3) and (B^ +  B^) obtained  from  sp in -  
lattice relaxation  (Sabisky and  Anderson 1970) and  stress m easurem en 's (Baker and van 
O rm o n d t 1974 and this work). Param eters were calculated for 2-68T in units of 10’ s~

C rystal (B4 + 3B3) 
R elaxation Stress

C a F j
SrFj
B aF j

2-99(60)
K9(l-2)

30(2)

3-46(30)
8-6(9)

32-0(6)

(«4 + «5) 
R elaxation Stress

1-7(1)
8-9(6)

104(4)

i-y5(3)
7-9(7)

109(8)



3. ENDOR

One of the problems encountered by Baker and van Ormoncit in I when they attempttd 
to interpret thcir measurements of spin-lattice Hamiltonian parameters was thal d  
knowing Ihe lúovement of the lígand ions produced by an extemal uniaxial strm 
Estimation of the expccted orbit-Iattice parameters is made difRcult by uocertainties in 
the local compressibility around an impurity ion, and unknown displacements of thí 
F -C a -F  basis of the bcc crystal structure.

In order to discover something about the movement of the ligand ions, we ha« 
attempted to measure the change in ligand e n d o r  frequencies under uniaxial strc« 
Measurements of this sort have previously been made for Eu^ in alkaline earth fluoridci 
by Zimmermann and Valentin (1975). Our measurements are essentially the same »  
theirs.

In the absence of stress, the ligand hyperfine structure has the form = -4 (̂35,/,
— S . l )  + '4 ,5./, whcrc lies along the ligand bond. For H  applied at angle 6 lO 
bond, the two endor frequencies are given by

+ ^p(3cos  ̂O -  1)]}  ̂ 4- lAl sin̂  6 oŝ
where M  = corresponds to the two quimtum states of the electronic fictitious spin

Stress was applied along the [111] direction, and e n d o r  was observed for H  paralW 
to [ l l 2] in which direction the e n d o r  for ligands along [ 111] (cos0  =  0) is not dcjt- 
rate with that for any other ligand. Henee, the shift of the e n d o r  is more easily observfd 
The ENDOR for ligands along [llT ] (eosO =  ^ 8 /3 )  is also non-degenerate. That fw 
[T il]  is degenerate wiii' that for [ iT l]  (cos0  =  ^2/3) but, as these ligands are relatcd 
by reflection in the plañe containing F and H, one expects them tu remain degeneran: 
unless there is a misorientation of F or H. Like Zimmermann and Valentin, we found a 

measurable shift of the f n d o r  frequency for ligands along [ 111]  but not for any othcr 
ligand. For this directioi * cquation (2) takes the simple form:

K  =  T  M M , -  .4^. _ j(?l

There is a difTiculty in our measurements which is not present in those of Zim m erm ann 
and Valentin. They used an e p r  line which was unaffected by Ihe stress. Our epr  linc » 
shifted by the stress (§2 ), so the e n d o r  frequency is changed both because of a changc of 
ligand hyperfine structure parameters (/!,, antl • m equation 2) and because of a chanp: 
in the electronic g-factor, and henee of H in equation (2). As the shift of the epr lint 
produced by our stress is comparable with the linewidth, o n c  may still observe e n i x ) «  

when stress is applied without altering the magnetic field fo r e p r . However, the spm 
packets which are saturated will then be diíTerent with and without stress. Alternatively. 
one may change the magnetic field when stress is applied so as to remain at the centrc of 
the EPR line, and henee on the same spin packet.

As the changos in e n d o r  frequency produced by the change in hyperfine paramctcr 
and by the change in magnetic field are comparable, it is essentiai to be able to compénsate 
experimentally or theoretically for the latter in order to be able to measure the formcr 
In order to estímate the uncertainties due to the i>liift of the e p r  line, we have measured the 
dependence of e n d o r  frequency upon magnetic field H  as onc sweeps through the ep» 
line, both with and without stress. This has been done fo- both valúes of M  anH for both 
*®®Tm hyperfine lines (boih valúes of the quantum number m; ic for four different endor 
lincs.) This data is presented in figure 2.
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Figure 2. N’ariations of e n d o r  frequency with field H. Pun.i!. m arked O correspond to  a  stress 
of 0-869 k g m m " ^  and those m arked •  to 3 -1 5 5 k g m m "^  (a) corresponds to  the e p r  of 

the low-fieid hyperfine line an d  (6) to that for the high-field hyperfm e Une. T he position  o f the 
cen iie  of the e p r  line is indicated. The d a ta  derivetl from  th e s e  curves are given below

M  / ’ fk g m m '^ ) H {C ) Slope (k H z G ' *) Frequency a t centre o f line (kHz)

0-869 6944-0 4-648(38) 23521-09(27)
- i  3-155 6936-8 4-734(28) 23478-45(16)
+  i  0-S69 6944-0 3-026(31) 31980-87(19)

3-155 6936-8 3-031(34) 31966-76(21)

0-869 7174-0 4-695(34) 24465-29(22)
- i  3-155 7166-8 4-677(87)t :’4421-38(66)t
+ \  0-869 7172-2 3-032(46) '.:';ü4-29(25)

3 155 7165-0 3-014(41) 32889-06(22)

t  T he relatively large uncertain ty  in these num bers is caused by three points at the extrem e 
ranges of o u r  valúes which lie off the straight line. If these points are d isregarded, the slope 
becom es 4-781(40) and the frequency at the centre of the line 24422-15Í26). This changes the 
q uan tity  6(>í, — A ^ jb F io t  the high-field line to  12-21(24)kH zkg"‘ m m ^ a n d  the m ean valué
for bo th  hyperfm e lines to  12-34(22) k H z k g '*  m ra '.

Abragam and Bleaney (1970) have discussed the mechanism of inhomogeneous 
broadening o f e n d o r  lines and the change of e n d o r  frequency prodiiced by a change in 
external magnetic field bH. Adapting their formulae (4.64) and (4.65; to our system, the



electrón resonance energy may be written

hv^ = gPH + gp M I^  + {hvXr, + M A

+  ógPH + S {h vX ,  +  MSA.

We have separatec) the cfTects of hyperfine interactions into two parts, oíie dcpcndinj 
upon /4 =  (/4, -  /ip), which is the contribution from the ligand along [ 111]
ENDOR we have studied, and the other (/jv,)hr, which represents the hyperfine intrractKm 
with all other nuclei A //, is the random variation of loca! field due to neighbounnjt 
dipoles, and óg, and óA represent the elTect upon g, and A of random varu-
tions in crystal fields. Writing hv^ =  gPH^ +  +  M A  for the centre of the epr linc.
a spin pácket shifted by dlí must correspond to an appropriate combination oí ihe 
possible variations whi ;h satisfy equation (4). The frequency of the ENDOR line Ls gi .cn h

K  =  + M A + MSA. ("•

Henee, the same two sources contribute to Ihe inhomogeneous broadening of both thf 
EPR and ENDOR lines.

If the broadening were due only to the effects of random crystal fields, which 
leads to correlated g and A valúes such that 6A/A 5g/g (see §4), the travcrvjl 

of the EPR line selects spin packets corresponding to a specific dA\
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S H =  - i l  +i 1 +  as M A/gpiI -'i 1.
V gPHJ 9 >1

Henee, such a shift <5// '^nds to a correlated shift ofENDOR frcquency:

<5v„ =  i g j „  +  MAIH-\dH.

An effect of this sort has been observed by Lol ler and Ceschwind (1963) for “ Ni' ‘ 
ENDOR in A ljO j, where the inhomogeneous broadening was due to correlated zero-ficM 
electronic and nuclenr quadrupole splittings. They found the slope óvJÓH for pcwitivc 
M  to be smaller than g„P„ and for negative Af to be greater than g„P ,̂ the mean of ihc 
two slopes being cqual to g„P„.

If, however, the inhomogeneous broadening of the epr is dominated by magnetic 
fields from randomly oriented neighbouring magnetic moments, there is no dircci 
correspondence between the field change SH for epr and Moving 6H from the ccnlrr 
of the epr line corresponds to selecting spin packets for which the local intcrnal ficW 
A //, =  —SH. However, the local fields set up at one of the ligand nuclei will not be the 
same as that set up at the paramagnetic ion, though one wouid expect it to have the same 
sign and comparable magnitude; ie A//„ #  A//,. Henee, the change in endor frcquency 
produced by the change 5H is different from g„P„SH and should not depend upon the 
valué of M. Qualitative arguments suggest that hóv^ should be of the same sign bul 
smaller than q P SH.

Our data in figure 2 show that both effects contribute to the inhomogeneous broaden­
ing in our samples. This is really clear from e p r  spectra as onc knows from ligand endor 
measurements that the e is appreciable contribution lo the gpr linewidth hom ligand 
hyperfine structure, and the fact that it is not resolved indicates some other comparable 
source of line broadening. The slopes S v jó l í  are clearly different for different M valúes, 
showing the presence of random crystal-field effects, and the difTerence is less than A/H, 
as one would expect for two competing mechanisms. The mean slope is less than gj„.



showing the effect of the difference in local internal magnetic field, ie AH^ < A //,. 
It is worth noting that the difference in v„ between the two hyperfine components of the 
EPR Une is equal to gp^^DH/h, because movement by DH from the centre of one of these 
lines to ihe centre of the otl.jr corresponds to remaining on the same spin packet, 
but reversing the direction of the nuclear spin.

These measurement^ show that theoretical compensation for the change of the g-value 
on application of stress vould be impossible without making measurements of óv„ as a 
function of óH. If one has to make such a measurement, one can just as accurately reset 
H to the centre of the e p r  line after stress is applied. One still has to estímate the un- 
certainty produced by errors in setting on the centre of the e p r  linef.

In order to find the hyperfme structure parameters, one needs to subtract the measured 
valúes of the two e n d o r  frequencies corresponding to the two valúes of M in equation (3). 
For each line, one cou!d estimate the uncertainty which arises because of the 
uncertainty SH in setting H  to the centre of the line. However, this would overestimate 
the uñcertainty in (A^ -  A^) because the shift of e n d o r  frequencies for the two M  valúes 
are correlated for a given ÓH:

= gJ„H ± -  p̂) + -  HóvJSm̂ SH.
Henee
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The quantity — A ^jdF  for both hyperfine line ive valúes 12-48(21) and 
12-55(39)í kHz kg“ ‘ mm^, respectively.

As the uncertainties in ÓH fgr these two linjs are uncorrelated, the compatibility of 
the uncertainty on eacl with the difference between them is satisfactory. Corabining 
these two resiilts leads to ‘

V

SiA, -  A )/dF =  12-5{2)í kHz k g " ‘ m m ^

4. Ligand displacements

V.o are interested in finding the displacements u of the ligand ions produced by a stress 
F in the [111] direction, so like Zimmermann and Valentin (1975) we will express óur 
results in terms of which for ligands at a distancc / ’ ilong [ 111] is equivalent
to 8i\ldF.

Calculating this quantity from the bulk elastic constants leads to

dR/dF ==i{s^^+2s^2 + s^JR.

Malkin et al (1971) introduce two modifications to this: (i) displacemont of the basis 
which adds and (ii) replacement of the elastic constants by local valúes
appropriate to the región around the impurity. For Tm^^ then calculations require 
(Sjj +  2Sj to be increa^ed by 1-35 and by 114. Both the calculations of Malkin et al 
and the admittedly rathcr model-dependent deductions from the experiments of Baker

t  It is w orth  noting  th a t such erro rs shou ld  be allowed for in all e n d o k  experim ents, and also th a t th is effect 
will produce system atic erro rs m e n d o r  experim ents where one works deliberately at ihe side of the e p r  line. 
{ See the footnote in the cap tion  to figure 2.



ind van OrmondI (1974) give «j =  0-5. Table 3 gives Ihe valúes of dR¡dF, both uncor- 
rected and corrccfcd for these efTects.
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TaW e3. Valúes o f5 R /5 F  x lO’ n m k g '^ m m ^

C alcúla te , from  bulk elastic constants 3-92
C alcula ted  from  the elastic constan ts o f M alkin eí al 4-61
C aiculated  including a ,  displacem ents 
D educed from  o u r data , assum ing:

3-75

(i) und isto rted  lattice and  n =  7 71(3)
(ii) tlie m odel o f A nderson el al and  n =  12 7-5(3)
(iii)(/lp  -  A , ) x  R - ’ 9-3(4)
(iv) n  x R - ’ 3-9(2)

The parameter arises solely from covalent bonding, but has a contribuiior
— gg^PPJR^ from dipole-dipole interactions and a contributions /Ip — A^ from 

covalent bonding. When stress is applied, A^ changes because of changes both of <;-va!uc 
and of R; these two terms are written out explicitly in equation (6). These are alv> 
essentially the same two mechanisms which cause changes in ths covalent contributiom 
to /4p and A^; the change of 3 -value occurs because the change of crystal field induccd b> 
the strain mixes in excitoi states of the metal ion and, as these have differ^nt covalent 
interactions with the ligand, there are consequent changes in and there are alw 
direct changes in the covalent overlap, which is a function of R. These terms are not caí» 
to separate and require explicit calculation. The stress dependcnoe of (A^ -  A,) ma> 
may be written:

d{A^ ~  /I J  A , dg 3/1, 8R d{A^ - A , -  A )̂ dR 
d f  g dF R d F  dR d F '

For the undistorted BaF^ lattice, R  =  0-2685 nm and A^ -  6-58 MHz. H o w ev cr, 

as Tm^'*' is considerably smaller than Ba^"^, one expects some local contraction of the 
lattice around the impurity ion. This has been estiniated by Andcrson et al (1975), usinjr 
a technique similar to that used by Babershke (1" i) for Eu^^ in the same latticcs. ht 
comparing the transferred hyperfine structure in C aFj, SrF^ and BaFj. The modcl 
assumes that the change in R between the diffcrent crystals causes both A^ and {A^ -  
to change in the same way, which is equivalent to supposing that they vary as R 
This model leads to i? =  0-251 nm and /4, =  8-06 MHz. The measured valué of 
{A^ — /4,) =  8-46 MHz, so that the model of Anderson et al indicates only a very small 
covalent contribution. The first term in equation (6) is then 2-97(13) kHz kg" ̂  mm^ using 
undistorted lattice parameters and 3-63(16) kHz kg" ‘ mm^ using the parameters of 
Anderson et al.

One may calcúlate the contribution to the last term of equation (6), due to the ad­
mixture of excited states, by perburation theory. Fhe admixture of ligand wavefunctioiw 
into the Tm̂ "*" wavefunctions is described by six covalency ps ameters, which may he 
estimated from calculated valúes of the overlap parameter? (Axe and Bums 1966, 
Baker 1968). There is reast^nable correspondence between this theory and the rncasurcd 
ligand hyperfine structure parameters for the ground State, F,, so we may take thcv 
parameters as reasonably well established. The perturbation of the ground state pn>- 
duced by strain may be expressed in terms of matrix elements of the orbit-lattice intcr- 
action coupling the F, states to the excited Fg and states. The rnatrk element with F, is



that which produces the c hange dg/dF of the g-valué, and so is experimentally determined. 
That with does not contribute to dg/dF, and so it must be estimated using a model. 
Henee, there are some uncertainties in the calculation of this contribution to the last 
term in equation (6).

As, at least in the me del of Vnderson et al, the covalent contribut'on is so small, one 
could approximate by writing

d{A^ -  A,  -  .4,) ^  (A^ A ,  -  A^) ^
BF g dF ’

This is the assumption we have made in §3 leading to dA/dF = (A/g)dg/dF (3-81(17) 
k H z k g '*  mm^).

After allowing for these contributions to the last term in (6 ), we may write an expres- 
sion for the explicit depcndence of this term on the chango of R, by assuming that the 
covalent contributions vary as R '" ,  so that d(A^ ~  ~  -  -4̂  -
A^jR. Henee, equation fó) reduces to an explicit equation which may be solved for 

. dR/dF if one knows the valué of n.
The model of Anderson et al m entii, led above leads to a valué of n =  12. This contrasts 

with the valué of n =  7 found by Babcrshke (and by Newman 1971) which was used by 
Zinunermann and Valeiitin (1975) to produce á successful correlation between their 
measured valué of dA/dF in Eu^* and the valúes of dR/dF deduced from bulk elastic 
constants. Table 3 gives t;ie valups o{ dR/dF deduced from our data, making various 
assumptions about the valué of

There is clearly no agr.'ement with the calculated valúes. Inverting this calculation, 
one can obtain agreement only by assuming that the whole 11̂ ; :üd hyperfine interaction 
scales as As it seems impossible to find a modsl of the conibined effects of covalency 
and dipole-dipole interaction whidi would give so large a dependence, one is forced to 
conclude that local displacements,of the ligands áre much greater than those indicated 
by the calculations oi local elasticjty. '

If this conclusión is correct, t|ie interpretatioñ of Baker and van Ormondt of the 
EPR data is erroneous. ;
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5. Condusion

The positive conclusions of this work, apart from adding to the excellent correlation 
between calculated and mc isured relaxation rates, is to show thai local elasticity when 
a crystai is strained is far from well known or simple. To understand this complctely, one 
must measure A ,̂ and A^ separately, and measure the parameters for other ligands. Also, 
similar measurements would have to be made for CaF^ and SrF^ if a complete under- 
standing were to be obtained.
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