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Summary. A new method for determining the dynamic. crystalline
field parameters is presented. These parameters are expressed as a func-
tion of the effective charge of the diamagnefic molecules surrounding
the rare-earth ion. The effective charge is determined from the splitting
of the ground state term of the paramagnetic ion in the erystalline field.
It is then shown, in the case of neodymium ethylsulphate, that the
agreement between ‘the experimental values and the theoretical ones is
improved.

Introduction.

A general approach to the theory of spin lattice relaxation time in rare-
earth salts has been given by. ORBACH (1). .

In Orbach’s theory the dynamic crystalline field parameters, i.e. the ex-
pansion coefficients of the dynamie erystalline potential in series of spherical
harmonics, have been assumed approximately to be equal to the static coef-
ficients. However the spin lattice relaxation times: evaluated by this method
do not agree with the experimental results, in some cases being off by up to
three orders of magnitude: In this paper, after having briefly reviewed Orbach’s
theory (Sect. 1), a method for determining the dynamiec crystalline field para-
meters is presented (Sect. 2). These parameters are expressed as a funetion

(*) Now at the: Istituto diFisica della Facoltd di Ingegneria - Universitd di Roma.
(*) R. OrBacH: Proc. Roy. Soc., A 264, 458 (1961).
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479 . F. FRAZZOLY and M. MANCINI

of the effective charge ¢ of the diamagnetic molecules surrounding the rare-
earth ion. The parameter ¢ is determined from the splitting of the ground
state term of the paramagnétic ion in the erystalline field.

Finally (Sect. 8) it will be shown, in the case of neodymium ethylgulphate,
that the diserepancy between the experimental values and the theoretical
ones evaluated according to Orbach’s procedure is greatly reduced when the
new approach is used.

1. — Resume of Orbach’s theory.

For rare earth ions in crystals we take a Hamiltonian #'= 3, + ,+ 5,
the terms representing the spin-orbit, crystal field and Zeeman interactions,
respectively.

The spin-orbit splitting (~ 10° cm~?) is considerably greater than the crys-
tal field splittings 4,, 4, ... (~102 em~T) (Fig. 1), so that the lowest J mul-
tiplet of the free ion is split by the crystal field into a manifold of states, each

of which may be approximately represented by a suit-
IF> able linear combination of the basis wave funetion
led

[Jd,>. Tor ions with an odd number of electrons
each sgtate is at least twofold degenerate. This de-
4 lad generacy may be removed by an external magnetic
T—Ic) field -H, resulting in a serie§ of doublets |a) and |b),
A, ley and. |dy, ete. For ions with an even number of
P Ib) electrons, some. of the states may be singlets but we
- la assume that a magnetic. doublet lies lowest (this sit-
Fig. 1. — Schematic en- uation is often verified).
ergy level diagram of the The spin-lattice interaction operator couples the

lowest state of a rare- nip gvstem to the lattice in such a way that spin-
earth ion in a crystalline

field (splittings Ay, 4y, -..) sys’oem transitions may occur [b)<—>|a) and the ]at?-

and in a magnetic field Tice may absorb the energy difference. The domi-

(splitting 4). nant mechanism for such transitions, as was suggested

by HEITLER and TELLER (%), FIErRZ (3), KRONIG (%)

and VAN VLECK (%), is the modulation of the electrostatic crystalline field by

lattice vibrations. The crystalline electric field, arising from the effect of the

charges of the neighbouring diamagnetic ions and molecules on the para-

magnetic ion, is modulated by the lattice vibrations which distort tho distri-

butions of charges. These distorsions are proportional to the averaged strain &
of the lattice ().

() W. Heiregr and -E. TELLER: Proc. Roy. Soc., A 155, 629 (1936).
(®) M. Figrz: Physica, 5, 433 (1938).

%) R. pe L. KroniG: Physica, 6, 33 (1939).

(5) J. H. VAN V0LECKE: Phys. Rev., 57, 426 (1940).
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A-CONTRIBUTION TO THE THEORY ETC. 473

As e is small at temperatures much less than the meltihg point of the
material it may be used as an expansion parameter for the crystalline poten-
tial in which the magnetic electrons move. We will have

(1.1) Ve VO 4 Vg,

where higher-order terms in ¢ have been neglected. The first term on the right
is just the static term which, together with the spin-orbit eoupling and the
Zeeman interaction generates our eigenstates |a>, |b> .... The second ferm is
the spin-lattice interaction which we shall consider and is clearly just the first-
order dynamie part of the electric potential in which the magnetic electrons
move.

It is useful to expand V into a series of terms

(1-2) V= ZA;%J Y?(67 <P) 9
1,m

where » denotes the radius of the 4f electron concerned, Y7 the spherical har-
monic of degree ! and azimuthal quantum number m, A7 a crystailine field
parameter, which depends on the charges and on the positions of the sur-
rounding molecules, hence we shall have

(1.3) Vo =3 AT0)r' Y70, @),
I,m

(1.4) Vi — z (_a.A_) YO, @) .
im de =0

The expansion (1.4) for the dynamic crystalline potential is very useful
because one can make use of all the formal simplifications first elaborated by
STEVENS (*°) in calculating the matrix elements. of the static crystalline elec-
tric field between spin Hamiltonian states.

For the spin-lattice relaxation time z one has (*°)

1, (04)KT .
(1.5) 1_3—“—7591)5}04 [<a|V|b>| -+
27y
: o Vo[> U V4[b) 2 i oo,
212 o — A, cosech? KT @ dow

9
[
(®) R. J. Exrrorr and K. W. H. STEVENS: Proc. Roy. Soc., A 215, 437 (1952).
() R. J. Exrrorr and K. W. H. StEVENS: Proc. Roy. Soc., A 218, 553 (1953).
(®) R. J. Exrrort and K. W. H. STEVENS: Proc. Roy. Soc., A 219; 387 (1953).
(®) K. W. H. SteEvENS: Proc. Phys. Soc., A 65, 209 (1952).

(1% R. BruzzEsE, F. Frazzori, M. MANCINI, G. SACERDOTI, G. TORALDO DI FRANCIA
and F. Uccerri: INFN/FM-65/3 (1965).
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474 : : 7. FRAZZOLI and M. MANCINI

where the symbols are defined in ref. (*°). There are.some difficulties about
the dynamie crystalline coefficients

ot
0¢ Jemo ’

for they are unknown, while the static ones A™M0) are often known from mag-
netic resonance and optical experiments (%).

In Orbach’s theory the crystalline field parameters (0A7/0e).., have been

assumed approximately to be equal to the static coefficients 47(0). In par-
ticular Orbach sets

(16) (55). > =1at0eml,

when 1 =2, 4 and

‘A",Gn 0 6 (3 L
(1.7) (aa—e)s,o oy = [143(0) 7o [s=1m1| 43(0) <r* | ]t

where (> denotes the mean of the I-th power of r.
This approach was based on his satisfactory calculations of phomnen an-
harmonic coefficients in dielectric crystals, though its extension to the present

case, a8 ORBACH himself has remarked, must be regarded as a-very rough
approximation.

9. — Evaluation of the dynamic erystalline field parameters.

We shall limit ourselves to considering compounds in which the crystal-
line electric field at the paramagnetic ion site is due to molecules of the same
kind, though this limitation may be easily removed.

In order to give a concrete example we shall consider the case of rare earth
ethylsulphates. The geometrical configuration of the

? nearest neighbour molecules about the paramagnetic
o AN ion is shown in Fig. 2. In these compounds each rare-
@,_// ' \\ earth ion is surrounded by nine water molecules of
_____ 1 . .
' Q\:j\‘\@ hydration and three ethyl radicals.
(AN ;'"‘*f~~@
} \ & }
! ‘« e
The” 1
! Y ,®’h‘ ‘.| Fig. 2. — A perspective drawing (not to seale) of the configu-
! 7N '\ ration surrounding the trivalent rare-earth ion in the ethyl
" // \\ ! sulphate. Only the nearest neighbour molecules are drawn in
é‘\--\\‘:&) for simplicity. o water molecule, o rare-earth ion, a ethyl

radical.
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A ‘CONTRIBUTION T0. THE THEORY ETC. 475

The crystalline electric field at the site of the rare earth ion is mainly due
to the nine neighbouring water molecules (). Following the point-charge
model (*2) as far as the evaluation of the crystalline field is concerned, the
nine water molecules surrounding the rare-earth ion will be replaced by nine
point charges ¢’. Accordingly the electric potential V(r, 6, ) due to the sur-
rounding point charges, at a point (», 0, p) near the origin at the magnetic
ion in question is

S 1
2.1 Vir, 0 — I
( ) ( P q» j:&'lzj_‘ T|
where R; = (R;, 0;, @,) denotes the distance of the point charge pertinent to
the j-th water molecule.

An alternative method of expressing V' is to write it directly in spherical
harmonics. From ref. (%) one has

+n
(2.2) Vi b,9) =3 3 "4, TN0, 9),
where .
9 45 re
2, At =¢ > e —— (— 1)"Y;™(0;, D;) .
( 3) ‘ 6,21(%+1)R?+1< ) (07 )
e | H/2)dl)
| F/2d) ———————<_
e |t/
—— | H1/2) )
|20 <
| —0/2)c)
——————— |2
|+a/20) <
1 I S————— [{1/2)b)
J'" r &3 | +/2)a)
£ 2a) 4

no magnetic field - |—/2)a)
in the presence
of-a magnetic fleld

Fig. 3. — A hypothetical level diagram for a Kramers salt in a field of trigonal symmetry.

In the absence of a magnetic field each level is doubly degenerate (left side of the

Figure) p, ¢, 7, ... being odd integers. The splittings on the right side of the Figure repre-
sent the level structure in the presence of a magnetic field.

(1) J. Dweck and G. SEIDEL: Phys. Fev., 151, 290 (1966).
(1*) H. T. HurcHings: Solid State Physics, vol. 16 (1964),
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476 F. FRAZZOLI and M. MANCINI

In the case of ethylsulphates the neighbourhood of a rare-earth ion produces
a field of trigonal symmetry (*?). Therefore the energy levels of ions containing
an odd number of electrons are split by the crystalline field into J 41 doublets,
where J is the quantum number referring to the total angular momentum.
When the number of electrons is even we obtain singlets and doublets. Let us
consider the case of Kramers salts and let |4-3a>; |+4b>; |L£3¢) ete. denote
the doublets in which the ground state term is split by the crystalline field
and iet 4,, 4,, etc. be the relative energy splittings (Fig. 3).

Denoting by #,, the energy of electrons of the unfilled shell in the electric
field of the crystal [ch, =— Y eV(r, 0,, D;), where 7,, 0;, D, are the co-ordi-

nates of the i-th electron of the unfilled shell and ¢ :denotes the electronic
charge] from standard perturbation theory (*¢) one has '

Ay = GBI NFY> — Galhlzar,

( Ay = G o g o) — Galtaliar
9.4)
Ay = GdlH ) dy — GalH ey,

Ay = G el g 6 — GalHlza)

The energy splittings 4,, 4, etc. and also the explicit form of the eigen-
functions of the doublets |+{a); | +5b), ete. can be derived from experiment (°).
Expressing in (2.4) the crystalline field potential according to the point charge
model, eq. (2.2), successively eqs. (2.4) can be used to obtain an estimate of e
by means of a best fitting procedure.

Tet us now suppose that the evaluation of ¢ has been carried out. Then
if in eq. (2.1) R, is varied by an arbitrarily oriented vector AR;, where
|AR,;| = AR is of the order of magnitude of molecular oscillations, the new
potential V'= TV +AT will be

" Y 1
(2.5) V=V+AV=c¢ ZEREAR =+’

In the static case, due to symmetry restrictions, only the coefficients A3, Aj,

A%, A% in the expansion of V in a series of spherical harmonics, must be

retained (1). In the expansion of V’:V’:EA;’"W Y70, ¢), from the reduc-
L,m

tion in symmetry due to the molecular oscillations, it turns out (*) that all
the coefficients A, are in general different from zero. Hence this same prop-
erty will hold for the coefficients AA7 related to the expansion of AV in terms

(13) W. Low: Solid State Physics, vol. 2 (1960).
(14) P. Fone: Elementary Quantum Mechanics (London, 1962).
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‘A’ CONTRIBUTION TO THE THEORY ETC. . 477

of spherical harmoniecs

N 4 2 1 1 _ mlYym
(2-6) AV'— ¢ QZ_(IR7+AR]- rl- IR]_“rI) - I'ZMAAlT Yl (07 (p) .

Ag far as the evaluation of the spin-lattice relaxation time is concerned
only the coefficients AAT, with 1 =2, 4, 6; (—I<m<) have to be known (1)
Moreover the presence of the factor 7 leads reasonably to a rapid convergence

of the series (2.6) so that we can limit the expansion (2.6) to the spherical
harmonics of degree = 6.

The set of 28 unknown coefficients AAT[AAT = (AAT™* since AV is real]
ig then obtained by solving the system (2.7) with a computer:

(2.7) AV(P) = AP XT),, 1=1,2,..,28, —l<m<l,
t,m

where the quantities AV(P,) and (+ Y7)p, are evaluated at 28 points P, arbi-
trarily chosen in the region of maximum probability for the 4f electrons.
In order to establish the connection between the coefficients A4 and the

parameters
a4
oe gl ’

we note that from ref. (1) one has

m!

A
(2.8) AT = AT(0) + ¢R (A ") - higher-order terms in ¢,

AR

where R is the average distance of the water molecules from the origin
[R~25A in the case of ethylsulphates (*¢)].
From the identity

AAT (047
(2.9) (m) eeR=¢ (%)e_o’
one easily obtains
v QAT _ (AAY
(2:10) (@)ho = (AR) E.

Note that for our purposes it is not necessary to know the exact values of AR,
for we are interested in evaluating AAT/AR which is practically independent

(*%) P. L. Scorr and C. D. Jerrries: Phys. Rev., 127, 32 (1962).
(1¢) J. A. A. KETELAAR: Physica, 4, 619 (1937).
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478 s F. FRAZZOLI and M. MANCINI
of .R since the relation AR < |R,] is always satisfied. - The -order of magni-

tude of AR has been evaluated by means of the method outlined in ref. (7).
The order of magnitude of AR at ~ 4 °K turns out to be ~ 0.01 A,

3. - ‘Spin-lattice relaxation time in neodymium ethylsulphate.

[H1/2)e) %0 ¢m ! The free Nd™™* ion ground level 4j2

. 7 R 340 Iy, is split by the‘ ethylsulphate crystal
! field into five doublets. From ref. (8) the
(2020 170 energy states and levels are as collected

130 in Table I.

A schematic distribution of the energy

. . levels is shown in Fig. 4.

Fig. 4. — A schematic energy-level ) i
diagram for Nd3+ in ethyl sulphate Expressing the potential of the crys-
(not to scale). talline field according to the point-charge

TaBLE I. — The g values, splitting, and wave functions for neodymiuwm ethylsulphate.

Zero field
Wave function splitting ' g,
(cm™?)

|+ Fa>=0:92]| = §> + 0.38| £ §> 0 3.56 2.12
|30 = [+ 3 130 0.73 3.64
|+ Fe> = 0.75|+ 8> + 0.66|F 3> 170 2.73 0
|+ $d) = 0.38|+ > —0.92| F $> 340 . 2.34 2.03
|+ %e> = 0.86|- 3> —0.75|F 3> 850 1.62 0

model, then eqs. (2.4) in the case of neodymium-ethylsulphate assume the
form

Ay =130 em = (12| K3Y) -+ K Yy -+ KoYo|1/2> — A,

Ay =170 em~! = 0.56 {9/2| K3 ¥y + K Y, + K§Y5|9/2> -
+ 0.40(9/2 B8 V5% —3[2> + (— 3/2)KS ¥5°19/25 +
+0.43(—38/2|K; Y, + K ¥; 4 Kg¥g| —3/2> — 4,

A, =340 em~ = 0.14{7/2|K3Yy + K Yg + K ¥gl7/2> — 4,

(*y A. ABrRAGAM: L'effet Méssbauer (Paris, 1964).
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A CONTRI'I"SUTIQN’ 10 THE THEORY ETC. 479
Ay =350 cm—* = 0.43{9/2| K3 Y3+ K Y3 + K¢ Yg|9/2> —
— 0.49¢9/2| K3 ¥7°| —3[2) + (—3/2|K; Y§[9/2> +

+0.56(3/2| K3 Y, + K3 ¥3 -+ Ko Yg[3/2> — 4,
where

A =0.84{7[2| K3 Y, + K Y + KgYg[7/2) +-
+ 0.35 (72| K Y5 °|—5/2) + (—B/[2|Kg Y5[7/2) -
+0.14(—5/2|K3 Y + K3 Y3 -+ Ko Y| — 5/2)
and
K} =—3eA}{r'> .
From ref. (**) one has

{rey = 0279 Az,

ey = 0.188 A,

ey = 0.163 As,

The evaluation of the matrix elements appearing in (3.1) has been carried
out by the equivalent operator method (9).

Assuming the vectors R; approximately to be equal to the position vectors
of the water molecules which are reported in ref. (*) one finds that eqs. (3.1)
are fitted by ¢ =0.01e. "

It must be remembered that in the iron group the effective charge of water
molecules turned out of the same order of magnitude of the electronic
charge (51%). This is eoherent with our results as in the rare-earth salts the
crystalline field splittings are about two orders of magnitude smaller than those
of iron group salts. Using the value so obtained for ¢ we have solved the
system (2.6). The solutions AAT along with the corresponding values of
(047 /0e),., are collected in Table IT.

We have then verified that the expression

6
(3.3) S At YT

t,m

reproduces to a good approximation: (at least 5%,) the effective variation AV
of the crystalline potential in the region where 4f wave functions are meaning-
fully different from zero.

(%) A. J. FrEEmaN and R. E. Warsox: Phys. Rev., 127, 2058 (1962):
(3*)-J. H. Van ViECK: Journ. Chem. Phys:, T, 72 (1939).
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480 » F. FRAZZOLI and M. MANCINI

TaBLE II. — Solution of the systen (2:7) along with the required values of (dAT[de),—q-

4T . 4™ .
AAT (erg cm—Y) y (ryd em~?) AA? (erg cmY) ) (ryd em=?)

@, m) &, m)
| AAY=—2.371-10-14 AAj=—1.175-10"1 | (4, 4) = —1.468 - 10*
AAS=  6.785-10-% AAY=—2.785-10-15
AAY — —9.785-10-14 ‘ Ad}=—2.652-10-14

| AAJ= 1.581-107%{(2,0)= 1.976-10%|| Adi= 1.418-10-%

AAj=—6.19 -107%8 | (2,1)= 7.735-10%|| Ad}= 6.755-10~1

AdZ= 1.266-10712|(2,2)= 1.583-10%|| AAs=—3.124-10"15

AA= 5.87 -10715 Ad} = 1.110-1071

AAdj= 5.025-104 AAY=—1.522:10714 | (6, 0) = — 1.902- 103
AAL=—2.176-10"1¢ Adi= 1.117-1072|(6,1)= 1.396-10°
AAS=—4.895-10-14 AA% = —2.269-10-17 | (6, 2)'=—2.836

Ad)= 2.817-1071|(4,0)= 3.522-10% || Ad3=—3.218-10-1¢ | (6, 3) = —4.022-10°

Adl= 1.088-1013|(4,1)= 1.361-10%| Adsi= 9.875-107%5 | (6,4)= 1.234-10°

Ad%=  3.395-1071 |(4,2)= 4.244-10%|| AAj=—4.73 -10"* (6,5)=-—59 -10°

AA3= 4.222-101% | (4,3)=—5.280-10% || AAS=—4.79 -10-1¢|(6,6)=—5.99 -103

With a magnetie field H, which we shall suppose to be parallel to the sym-
metry axis of the crystal, the first-order corrected wave functions of the lowest
doublet are

o = |- o>+ pra (LU )

> = [y + pra (SAUEEAD 1 gg),

(3.4)

where the symbols are defined in ref. (!-1°).
Making use of (3.4) we can easily show that the expression (1.5) of the spin
lattice relaxation time as a function of the magnetic field and of the tem-
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perature turns out to be

1 1 1
(3.5) T + 7
where
1_ 126434 1 o 1g s (4T N Y™ L
(3.6) XY [<Fd|J |$a)|? |[{— 3d 1,51,7 ( % )8_0 'y Y7ljap P HAT,
1
(3.7) —1—— ol

Ty = 47;392@10'
(0AT[Ce)enolr'y YT|1H) (3K ZE (Am[08)ecolr) Y7307 [*
At

7 Te.

)'s K~10l 3

Let us first evaluate 1/7;. We have

Gdld ey = [0.38<7/2] — 0.92{—5/2] ] Jz[0.92|7/2> + 0.38) — 5/2>] =2.09.
Hence
(}d|d,|ay? = 4.368.

It turns out that the largest contribution to

0AT
—1a 3 (%)), oo T

comes from matrix elements for n = 6. We find

0AY

1<~ 1d) lgm (—a;)sso s TP|had| ~ 3.05-105.

Making use of the following values of the constants o= 1.7 gfem?, A = 8/11,
» =2.5-10% cm/s the spin-lattice relaxation time due to direct processes in
neodymium ethylsulphate is

1
= 3.506-10714H*T's7",
T3

where H is in oersted.

In evaluating 1/7,, we will consider as intermediate states only the doublets
|+£1b), |4e), and ignore contributions from higher levels by virtue of the
energy denominators in (3.7). Then one finds

1
—=2.095-10"1T° g1,
T3

1313



482 - B FRAZZOLY  and’ M., MANCINT

TaBLE III. — Comparison of measured data and theoretiodl estimates of the spin-latiice
relaxation time for meodynium ethylsulphate.

71 (meas.) 71 (Orbach’s 71 (point-charge
T°K (Gauss) irf g1 ‘ procedure) in g1 model) in st
1.380 780 5.43 ‘l 9.42 , 3.82
1.380 1030 5.10 21.95 3.85
1.380 1290 481 | 52.58 - 3.93
1.380 1540 588 | 105.78 4.07
1.380 1790 613 | 192.25 4.29
1.380 2040 7.94 323.64 4.64
1.380 2290 $.26 | 513.33 5.13
1.380 2540 500 | 776.43 5.81
1.592 780 7.75 \ 11.56 13.7
1.592 1030 .66 27.79 | 13.8
1.592 1290 6.49 63.12 | 13.9
1.592 1540 6.94 124.49 14
1.592 1790 7.09 224.25 14.3
1.592 2040 8.26 \ 375.83 14.7
1.592 2290 8.97 | 594.65 ‘ 15.2 |
1.592 2540 8.62 | 898.177 16 \
1.685 780 8.62 \ 14.44 22.9 |
1.685 1030 5.68 31.6 23 ;
1.685 1290 6.29 | 69.01 23.1 |
L L.685 1540 6.94 133.96 23.2
- 1.685 1790 645 | 239.55 23.5
[ 1.685 2060 6.62 | 399.98 24
| 1.685 2200 8.55 631.59 24.5
1.685 2540 | 9.26 ' 1030 25.3
1.875 780 | 1759 | 25.12 60
1.875 1030 1493 | 44.93 60
1.875 1290 | 13.33 85.84 60.1
1.875 1550 | 1am0 | 158.12 60.3
1.875 1790 | 14.93 | 375.611 60.6
1.875 2040 1470 454.13 61.1
1.675 2290 15.62 711.86 61.8
1.875 2540 1538 |  1069.33 62.7
2.06 i 1030 16.67 69.04 140
2.06 L 1290 13.89 116.24 140.1
. 2.06 1540 13.70 198.22 140.3
} 2.06 1790 14.92 331.48 140.6
| 2.06 2040 | 15.38 533.96 141.2
2.06 2290 | 15.87 826.28 141.9
- 2.06 2540 16.39 1231.74 - 142.9
492 1030 90.91 23.4 -10° 88.9-10°
L 422 1290 90.91 23.5 -10° 88.9- 108
4.22 1540 . 76.92 23.66-10° 88.9-10°
4.22 1790 67.50 23.92-10° 88.9-10
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A CONTRIBUTION TO THE THEORY ETC. ‘ 483

Hence the expression of the spin-lattice relaxation time in the case of
neodymium ethylsulphate turns out to be

%: 3.506-10~1H*T 4 2,095 - 10~ % g1,
while using Orbach’s hypotheses (°) one obtains
1
~= 135.1-10-18H4T 4 0.055T° g,

The theoretical estimates along with the experimental data due to RIECKOFT,
WESEMEYER and DANIELS (2°-2!) are collected in Table IIT.

4. — Conclusions.

It can be easily seen that in the ranges of temperature 7 and magnetic
field H experimentally studied, the behaviour of the relaxation time as a func-
tion of H and T' agrees reasonably well with the theoretical predictions based
upon the point-charge model, while the relaxation time from Crbach’s hypo-
thesis exhibits a much too strong dependence on H. Our numerical estimates
agree reasonably well with the experimental values up to about 2 °K.

We would like to make some remarks about the approach we have used.
By assuming that the field from the water molecules is similar to that of point
charges we have neglected the finite size of the water molecules. A better
approximation would be to treat the water molecules as dipoles rather than as
charges. Nevertheless in the dipole approximation one could deal with the
delicate question of just how much the dipole turns during the motion and this
would - lead to excessive mathematical difficulties. On the other hand VAN
Vieck has shown in the case of iron-group salts (**) that the point charge and
dipole approximations do not differ too greatly.

Furthermore we have neglected the direct effect of the « distant» charges
4.6. the molecules more remote than the nine water molecules immediately
surrounding the paramagnetic ion, however, since in this method the effective
charge of the water molecules is obtained from the splitting of the ground
state 4I,, of the Nd™** in the crystalline field, the effect of the distant mol-
ecules is taken into account indirectly.

Moreover in the point-charge model the overlapping of the magnetic-ion
wave function with those of neighbouring atoms has been neglected. But as
the magnetic properties of rare-earth ions are due to the low 4f electroms,

(*%) H. WesEMEYER and J. DANIELS: Zeils. . Phys., 152, 5 (1958).
(*1) J. M. Daniers and K. E. RieckBorr: Canad. Journ. Phys., 38, 604 (1960).
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whose mean distance from the nucleus is much less than for 3d electrons, the
point-charge model seems to be more appropriate for the rare-earth case than
for the iron-group salts.

Finally we note that we have assumed the position vectors R; of the point
charges to be equal to those of the corresponding molecules. These in turn
have been determined by X-ray methods (*¢) and hence they actually refer
to the oxygens. Hence a better approximation should be introduced by con-
sidering the positions vector R;, together with the effective charge V', as para-
meters to be determined by the best fit with the experimental results. Here
we have neglected this refinement as our purpose wag only to outline the ad-
vantage- of the present approach.

& ok ok

The authors are greatly indebted to Prof. G. TorALDO DI FRANCIA and
G. C. SACERDOTT for helpful discussions and. criticism and to Dr. Eng. F. Uc-
cerrr for is help in the computational work.

RIASSUNTO

Viene presentato un nuovo metodo per determinare i coefficienti dello sviluppo,
in serie di armoniche sferiche, del campo cristallino dinamico. Questi coefficienti, da
cui dipende il tempo di rilassamento, vengono espressi in funzione della carica efficace
delle: molecole che circondano lo ione paramagnetico in esame. La carica efficace & de-
terminata dalla separazione del termine fondamentale dello ione nel campo cristallino.
Si fa poi vedere che con il nuovo metodo si ottiene un migliore accordo con i dati
sperimentali.

»ana;( B TEOPHIO CNMH-PEIIETOMHOI0 BPEMEHH pejiaKcalmu
B COJAX pPeiK0o3eMeIbHBIX 3/IEMEHTOB.

Pesiome (*). — Ilpemmaraercst HOBBIL METOX JUIsd ONpeeNeHHs NapaMeTpOB AuHA-
MEIECKOr0 KPHCTAJUIHIECKOTO HOJs. DTd HapaMeTphl BEIPAXAIOTCs Kak (yHKIws 3¢ dex-
THBHOTO 3apsia IUAMATHMTHBIX MOJIEKYJ, OKDYXAIOIHX PeKO3EMENbHbIL moH. Ddde-
KTHBHEIL 3apsaf ONpeIelseTCs. W3 PaCIIeIUIeHus TepMa. OCHOBHOTO COCTOAHES mapamar-
HITHOTO WOHA B KPUCTAIIMYECKOM MOJe. 3aTeéM HOKAa3BIBACTCA, UTO B CIy4ae ITHIICYNb-
daTa HeomEMAa COINACWEe MEXMY OJKCIECPUMEHTANBHBIMEM TEOPSTHYCCKUMH BENMIHHAME
VIIy4IAeTC.

(") : Ilepesedeno pedaxyuei.
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