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A technique based on evaporation in a viscous inert gas flow has been used to produce
Gd3+-doped SrClz small particles whose average size varied from 100 to 500 A. Electron

paramagnetic resonance (EPR) investigations of these samples have shown that: (i) No observ-

able phase separation occurred during the evaporation of Gd-doped crystals. (ii) The Gd + im-

purity ions occupied predominantly cubic-symmetry sites in the SrC12 small particles. (iii) The
"small-particle" FPR spectrum of Gd3+ is characterized by significant differences relative to the

spectrum observed in either a single crystal or a "large-grain" powder specimen. Such differ-

ences take the form of changes in the relative positions and widths of the EPR transitions. For
the small-particle samples, tlie shifts and linewidths of the (100) shoulders in the EPR powder

pattern were measured as a function of the average particle size. The observed shifts in the
EPR lines are interpreted as arising from a contraction in the crystal lattice whose magnitude de-

creases with increasing particle size. This interpretation was confirmed by high-resolution

electron-diffraction measurements. The heterogeneous broadening of the EPR lines was attri-

buted to the effect of the particle size distribution as well as to internal strains and surface-

related defects. By comparing the EPR and electron-diffraction results and using a simple "drop"

model, it was possible to deduce a value of 0.435 N/m for the surface tension of SrC12 in the

solid state. Similarly a power law for the b4 spin-Hamiltonian parameter given by b4~ a with

n =18.7 was determined. This exponent is about three times larger than the expected value.

This work represents the first observation by EPR of crystallographic size effects in small dielec-

tric particles.

I. INTRODUCTION

In the form of very small particles (10 to
—500 A ), solids exhibit physical, chemical, and
electronic properties which differ significantly from
the corresponding properties characteristic of the
"bulk" material. Most of the previous theoretical and
experimental work dealing with the physics of small
particles has concentrated on the properties of metal-
lic systems; and, as a result of these efforts, it is pos-
sible to distinguish two types of "size effects. " These
effects are: First the so-called "quantum size effect, "'

where the normal "bulk" band structure of the metal
is replaced by a series of discrete electronic levels
which arise from a quantization due to the finite size
of the metallic particle. Second, the "thermodynamic
size effect, " which arises from the emergence of sur-
face effects due to the increased surface-to-volume
ratio characteristic of finely divided solids. Experi-
mental evidence for the "quantum" size effect has
been provided by EPR, NMR, and optical investiga-
tions, while the "thermodynamic size effect" has
been detected in measurements of the vapor pres-

sure, ' specific heat, ' thermal conductivity, ' and melt-
ing point' of metallic small particles.

Electron- ' and x-ray-' ' diffraction measure-
ments have shown that surface effects can also pro-
duce changes in the lattice parameter of very small
crystals. Although this "crystallographic" size effect
was initially interpreted in terms of a simple average
contraction of the lattice parameter, later results indi-
cated that the actual effect was much more complicat-
ed. In fact, observations using high-resolution elec-
tron microscopy'7 have sho~n that small metallic par-
ticles (30 to 150 A in diameter) are not single crystals
but are characterized by what has been termed a
"multitwinned" structure. ' Such twinning can signifi-
cantly affect the local strains in a crystal. Further-
more, the tensorial character of the surface stress has
frequently not been included in "drop-model" in-
terpretations of the diffraction patterns.

Although the technique of electron paramagnetic
resonance has been employed in a number of investi-
gations of size effects in small metallic particles, as
noted above, the present work represents the first
EPR observation of size effects in small dielectric par-
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ticles. ' Electron resonance is, of course, a well-
known technique for investigations of the effects of
crystalline electric fields on the energy levels of
paramagnetic ions diluted in host crystals. The
crystal-field parameters resulting from a "spin-
Hamiltonian" analysis of the observed EPR spectra
can frequently provide. information concerning the lo-
cal crystal-field strength and symmetry. These
parameters are related to the distances between the
paramagnetic ion and its neighbors. Power laws
correlating the nearest-neighbor separation and the
crystal-field parameters have been deduced from ex-
periments involving the application of hydrostatic
pressure, "uniaxial stress, ' and temperature
variations. Even though the crystal-field parame-
ters also reflect contributions due to such effects as
overlap and covalency, the empirically determined
variations as a function of nearest-neighbor distance
show that paramagnetic impurities w'hose EPR spec-
trum is characterized by a significant crystal-field
splitting can be employed as very sensitive probes for
determining changes in the crystal field of the host
material. Accordingly, the basic concept of the
present work is to employ EPR measurements of
small dielectric particles doped with paramagnetic im-
purities as a means of investigating crystallographic
size effects. Information concerning defect concen-
trations and random strains in small dielectric parti-
cles can also be obtained from changes in the EPR
linewidth. Additionally, by correlating the EPR
results with electron-diffraction measurements and
electron microscopy, it is possible to determine the
coefficient in the power law relating the crystal-field
parameters and the nearest-neighbor distance in small
particles.

The fluorite-structure material SrC12 doped with
the SS7~2 ground-state ion Gd'+ was chosen for the
present studies for a variety of reasons, which are de-

tailed in Sec. III. This section, which also presents
the experimental techniques used to produce and
measure the small Gd'+-doped SrC12 particles, is pre-
ceded by a treatment of the formalism involved in
calculations of the theoretical EPR pounder spectrum
for an S7g system. In Sec. IV, the EPR and
electron-diffraction results are presented:, and a corre-
lation of these measurements with the. resulting con-
clusions is given in Sec. V.

II. THEORY

A. General

Trivalent gadolinium is characterized by a (Xe)4f'
electronic configuration and accordingly has a ground
state that is predominantly Sy2. %hen this ion oc-
cupies a cubic substitutional site in a host such as
SrC12, the EPR spectrum can be described by means
of the following spin Hamiltonian:

~=gpaH S+ (04'+504)~+ (060 —21064),
60 1260

where p, ~ is the Bohr magneton, b4 and b6 are the cu-
bic crystal-field parameters, and the O„arethe
Stevens operator equivalents. Lacroix ' has calculat-
ed the exact eigenstates of this Hamiltonian when the
magnetic field is applied along a (100) crystallo-
graphic direction and has derived approximate ex-
pressions for a general orientation of the applied
magnetic field. If the three direction cosines of the
magnetic field relative to the (100) crystallographic
axes are denoted by l, m, n, then the magnetic field
positions of the seven allowed transitions
(AMs = +1) are given by the following first-order
expressions:

Transition

+ ~ +7 5

2 2

Notation

M=+—7

2

Position

H~= (hv +20pb4+6qb6)1

ggs

Intensity

+ ~ +5 3

2 2
M=+—5

2
HM= (hv +10pb4+14qbe)1

gga
IM =12 (2)

+ —+ +—3 1

2 2

1 1+ ~
2 2

M=+—3

2 HM = ( h v + 12pb4 + 14qb6)1

gp, g

huHp=-
ggs

IM =15

Ip ——16

where

p = 1 —5(I'm'+ m'n'+ n'I )

q= [11Im n —(I—m +m n +n I)+—]
2 21
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8. Powder spectrum

In the present work, measurements of the crystal-
field parameters b4 and b6 which appear in the spin
Hamiltonian [Eq. (1)] will be made as a function of
the SrC12.6d'+ crystallite size. Accordingly, the Gd'+
ions will not be dispersed in one single macroscopic
crystal, but will occupy sites in numerous small ran-
domly oriented particles. Therefore, the EPR spec-
trum does not consist of seven lines corresponding to
the seven allowed transitions AMq = +1 appropriate
to a single orientation of the applied magnetic field,
but represents an average over all possible magnetic
field orientation in accordance with the angular rela-
tions given in Eqs. (2). The resulting EPR "powder"

spectrum can be calculated by a technique developed
in this section. A simple interpretation of EPR
powder spectra can be obtained by using the method
of Lagrangian multjpliers. This method, which is

outlined in Appendix A, does not provide intensity
information but does predict the positions of the
singularities which correspond to the "peaks" (i.e., the
shoulders and divergences) in the powder spectrum.

A general expression for a single-crystal spectrum
(including, of course, the spectrum of Gd'+) can be
written as follows:

Is(H) = JIM~(H) = QI~ S~[H HM(l, m, n)—]

where IM and H))r(l, m, n) are, respectively, the inten-

sity and the position of the EPR line (M) which is

given to first order by the expressions (2), and
p+ao

SM(H) is a normalized line shape [i.e., J SM (H)
x dH= 1 ]. Using the Dirac 5 function, we can
rewrite IM(H) as:

.p+oo

IMs( H) = IM„5[H' —HJM ( i, m, n) ]

FM(H —H') dH'

If the spectrum of the paramagnetic ion (or center)
in the powder sample is "isotropic", then the corre-
sponding intensity I~(H) of the line (M) in the
powder spectrum can be expressed as the following
average:

IMP(H) = — Jt I~~(H)d0

where Q is a sphere of unit radius and dB the ele-
ment of solid angle. Assuming that the intensity I~
and the line shape FM(H) are independent of the
orientation (i, m, n) of the magnetic field, then the ex-
pression (5) will be transformed into

C(H) —f Ifi'(H )%M(H —H') dH''
=[S~g(H) S (H)],

Ig (H') = IM J „5[H'—HM(i, m, n) ] d 0
The function Ig(H) simply represents the powder-
spectrum intensity of a very sharp line (M). Using
the properties of the Dirac 5 function, it can be
shown that Eq. (7) is equivalent to

gP(H) =I)r - J dA

with the condition H «HM(l, m, n) «H + dH and with

d 0 = sin8d8d@ = —d( cos8) d(b = —dn d(t)

By making the change of variables given by

n n

H = HM(l, m, n) = HM[@ = arctan(m/l), nl

we obtain the following result:

M . MJ (0II(g )

with H = HM((b, n) This ex.pression may now be
rewritten into the following final form:

IPS(H) I dn (10)
m ( ()H/() i) —i ( (jH/ dm)

with the conditions

P+m'+n'=I, H=H„(l,m, n) .

This result is quite general and applies to any
powder-spectrum calculation. Although the function
to be integrated over the parameter n in Eq. (10) is
not complicated in general, the limits of the integra-
tion are not well known, since they are implicitly
given by the two conditions under which the integra-
tion must be performed. In an actual computer
simulation of a powder spectrum, considerable com-
putation time can be saved by using the two condi-
tions given in Eq. (10) to express land m as func-
tions of Hand n. Using the first-order expressions
(2) which are appropriate to an S7iq ion in a cubic
site, it is possible to fix the position of each line (M)
relative to the ( —

2
+ —, ) central line and to ex-]. 1

press the relative magnetic field position H in the fol-
lowing form:,

H=H)(r(l, m, n) =nMp+pMq

where p and q are defined in Eqs. (2) and ().~, P~ are
coefficients proportional to b4/gij. s and b6/g p, a,
respectively. In Appendix 8 a derivation is given
which shows that, in this case, the powder spectrum
intensity is given by the following expression:
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with

f~(n, hM) =(2n —2n +1 —hM)'~

&&[2h~ —(3n —2n2+1)

—e~n (n —2n +I)]'~

23IP~
10o~+2IPM

H+( —,') +(—", )P
AM 21( —,)~~+(—, )PM

~tQr)t

(Q

I I

16.0& G
g lie

003 G
g Ps

where hM equals the "reduced field. " In this form,
the limits of the above integration are explicitly given
by the domain of definition of the function
fM(n, hM). For aM=0 (i.e., b6=0), this domain is
simply defined by the zeros of the two biquadratic
expressions which appear in the function f~. The
domain of definition is shown in Fig. 1 together with
the contour lines of the function fM'(n, hM) Regar.d-

ing this figure, it should be noted that the reduced
field hM can only vary from

3
to 1. The value

hM=1 (or H=uM) is only satisfied for n =0, +1,
and by using the two conditions which apply to Eq.
(10), it can be shown that this extremum corre-
sponds only to the (100) directions. Similarly, the
extremum h~= —, (or H = —

—,nM) is obtained only

for the applied magnetic field parallel to the (111)
directions. These extrema, which are in agreement
with those found by using the method of Lagrangian
multipliers (cf. Appendix A), give rise to "shoulders"
in the powder-spectrum intensity, since, for these
points, the integral in Eq. (12) has a finite value.
The value h~=

2
(or H= —

4 nM) for which the in-1 1

1.0
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FIG. 2, Calculated EPR powder spectrum of SrC12.Gd +.
The intensity I~~(H) of the 1ine M has been calculated by
integrating the function f~ (n, hM) in accordance with Eq.
(12). For each line (except the —

2
+

2
transition), the

1 1

two shoulders (100) and (111) and the divergence (110)
are shown. The values of g, b4, and b6 are those deter-
mined by Abraham et a/. Ref. (29).

tegral diverges near n = 0 and n = + 1/J2, corre-
sponds to a "divergence" of IMpa(H). This divergence,
which does not arise uniquely from the (110) direc-
tions [n varies continuously from —(2/3)'~ to
+ (2/3) ' '], will be denoted by a (110) symbol.

When e~ & 0, as shown in Appendix C, the two
shoulders and the divergence always occur for the
same crystallographic directions and only the ex-
tremum h~= —, above is transformed into h~
= (9+2aM)/27. The result of the numerical integra-
tion of Eq. (12) is shown in Fig. 2 for the seven indi-

vidual lines corresponding to the AM& = +1 transi-
tions in an 'S7~2 state. The values of b4 and b6 used
in this calculation were obtained by Abraham et al.
for the SrC12.6d + system. By performing the convo-

0.8

0.7

M
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n

FIG. 1. Domain of definition and contour lines for the
function f~'(n, h~) which must be integrated over the
parameter n at constant h in order to obtain the intensity
I~~(H). Although this function diverges at the limits of the
domain, the integration in Eq. (12) only gives rise to a

1
divergence in the powder spectrum for hM = 2,
(n =0, + I/J2). (It should be noted that, since the func-
tion fM(n, h~) is symmetric in n, only half of the complete
domain is shown. )
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FIG. 3. Calculated convoluted EPR absorption powder
spectrum for SrC12.Gd +. The convolution of Eq. (6) has
been performed by using the results illustrated in Fig. 2 and
Lorentzian line shapes whose full width at half maximum

481/2 z was measured from the single-crystal EPR spec-
trum.
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FIG. 4. First derivative of the calculated convoluted SrC12.6d + EPR powder spectrum. The positions of shoulders and

divergences are indicated on the figure. This theoretical spectrum can be compared with the experimental spectrum shown in

Fig. 8.

lution of Eq. (6) with Lorentzian line shapes, the ab-
sorption powder spectrum IP(H) = gM IMP(H) and its

corresponding first derivative can be computed, and
the results of such calculations are shown in Figs. 3
and 4, respectively. The "theoretical" first derivative
EPR powder spectrum shown in Fig. 4 is to.be com-
pared with the experimental spectrum presented in
Sec. IV A (i.e., Fig. 8).

A calculation of the parameters g, b4, and b6 is

usually carried out using data obtained from a
single-crystal EPR spectrum with the magnetic field
positions measured at the zero crossing of the first
derivative of the EPR lines. For a powder spectrum,
however, an identical determination is not trivial, and
the following considerations are very useful: (i) If

the intensity Ig(H) has the very simple form of a
Heaviside function Ig(H) =Au(H H„),then th—e
convolution (6) is such that

dijppr(H) = AS g(H —H„) (13)

(ii) In Fig. 2 it is apparent that near a (100) shoulder
the slope of IM~a(H) is very small. If the line shape is
much narrower than the total spread of the line in
the powder spectrum, Eq. (13) is to be used. Conse-
quently, the (100) shoulders in the first derivative of
the EPR powder spectrum are equivalent to the lines
observed for Hll (100) in the single-crystal absorption
spectrum. (iii) The expressions for the energy levels
given by Lacroixl' when H is applied along a (100)

TABLE I. Magnetic field separation 4HM (happ) between the two symmetric shoulders-
(+M +M —1, (100)) and {—M —M+1, (100)) as directly deduced from Eqs. {2) and (14),
and 5H~ (happ) as "measured" on the convoluted theoretical spectrum of Fig. 4. The values of g,
b4 and b6 are those determined by Abraham et al. (Ref. 29}.

~H~ (&oo)
(2) IHM ()pp)

(G)
~HM, '('i'oo)

(6)
Relative

error

7

2

5

2

3
2

1
i40b4 +12b6i

g jxg

1
120b4 +28 b61

gPa

1
I 24b4 28b6I—

gPB

640.80

321.12

383.32

640.99

320.92

382.99

0.030/o

—0.06%

—0.09%
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direction can be used in second order. If the field
HM is replaced in the second-order terms by the cen-
tral field Hp, then: (a) the g value is given, to second
order, by the expression

h v Hs/2+ H-s/2

JXg 2
(14a)

III. EXPERIMENTAL

A. System selection

An EPR investigation of crystallographic size ef-
fects in insulating solids involves studies of "powder"
samples consisting of an ensemble of small dielectric
particles containing paramagnetic impurities or
centers. The production of such small-particle sam-
ples by means of an evaporation technique and in-
terpretation of the associated results can be facilitated
significantly by choosing a system which meets cer-
tain criteria. Some of the more pertinent of these cri-
teria are as follows:

(i) The dielectric host material must be relatively easy
to evaporate and must not dissociate during the evapora-
tion process. The vapor pressure of SrC12 is listed as
I' =4 x 10 torr at 1245 K, and P = 760 torr at
2273 K." Values of the SrC12 vapor pressure ob-
tained by extrapolation between these two points ap-
pear to be consistent with our observations and per-
mit evaporations of SrC12 to be made at realistic tern-
peratures. (It should be noted that the value for the
boiling point of SrC12 listed as 1523 K in Ref. 32 does
not appear to be reasonable in view of the evapora-
tion rates observed in the present work. ) Dissocia-
tion of SrC12 can occur via the reaction
SrC12+H20 SrO+2HC1, but this reaction only
takes place in the presence of water and at tempera-
tures of 873 K or greater. "' In the evaporation sys-

since there are no second-order terms for the
+

2
~ +

2
transitions; and (b) the splitting between

the lines 0+~ (~pp) and 0 ~ ~~pp) is the same in first
and second order

&HM", (100) =
I H+M, (100) H M, (100) —I

&H=M', (100),

(14b)
since the second-order terms are the same for (+M)
or ( —M).

The relationship shown in Eq. (13) is well satisfied
for the powder spectrum of SrC12,Gd +. This is evi-
dent from an examination of the data shown in Table
I, where the second-order theoretical splitting
~0~ (~pp) and the splitting "measured" from the con-
voluted spectrum of Fig. 4 are shown. Finally, it
should be noted that the equivalence between the
powder-spectrum shoulders and the single-crystal
lines is still valid in the case of inhomogeneous line
broadening.

tern used in the present work, the partial pressure of
H20 vapor was less than 10 torr.

(ii) Significant phase separation between the host
dielectric and the paramagnetic "probe" impurities must
not occur during the evaporation process. The rare-
earth halides are known to be highly soluble in the
alkaline-earth halides" [e.g. , for the system
(SrCl2)1 „(EuC13)„,x can vary from 0 to 0.23]."
This high solubility is undoubtedly a significant factor
in the absence of any observed phase separation in
the SrC12'.Gd evaporations carried out in the course of
the present investigation.

(iii) The host dielectric should have a crystallographic
structure that is both simple and unique. Strontium
chloride only crystallizes with the cubic fluorite struc-
ture (ap=6.9767 A). [It should be noted that a
diffuse transition has been observed at 973 K.
Between this temperature and the melting point of
SrC12 (1146 K), the Cl ions are characterized by a
high mobility in a rigid lattice of Sr'+. ]

(iv) The paramagnetic "probe" ion should occupy only
one site in the host materia/. In the absence of the
deliberate addition of other impurities, only the cubic
site EPR spectrum of Gd'+ is observed in SrC12.
The Gd'+ ions occupy substitutional Sr2+ sites, and
the observation of a cubic spectrum indicates that the
necessary charge compensation does not occur close
to the paramagnetic impurity. This situation is in
marked contrast to that found for the other alkaline-
earth halides, where trigonal, tetragonal, and
orthorhombic symmetry spectra are frequently in evi-
dence.

(v) The characteristic spectrum of the paramagnetic
impurity ion should not exhibit significant hyper/inc (or
superhyperfine) structure. Hurren2' has shown that in
the case of Eu + in the alkaline-earth fluorides, the
hyperfine structure is not sensitive to changes in the
lattice parameter, and accordingly such structure sim-
ply results in a needless complication of the EPR
spectrum. Only two of the Gd isotopes have a nu-
clear spin and the measured hyperfine interactions
for these isotopes are small, i.e., —S x 10 '
cm '. ' (The isotopes are '5 Gd with I =

2
and a

natural abundance of 14.73% and ' Gd with I = —,

and a natural abundance of 15.68%.43)

(vi) The crystal field splitting of the ground state ener-
gy levels should not be too large. In an EPR powder
spectrum, the intensities represent an effective aver-
age over all possible orientations of the applied mag-
netic field relative to the randomly oriented crystal-
lites which form the pounder. Accordingly, large mag-
netic field separations result in reduced powder-
spectrum intensities. For Gd3+ in SrC12 the max-
imum magnetic field spread occurs between the

7 s+
2

+ —, transitions when H is applied along a

(100) crystallographic direction, and this spread is
only about 640 G.
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A consideration of the above factors resulted in the
selection of SrC12 as the small-particle host system
and of Gd'+ as the paramagnetic impurity ion. It is
clear that the criteria listed above represent a fairly
restrictive set of conditions and, therefore, that it is
unlikely that a large number of systems amenable to
studies of this type will be found. Finally, it should
be noted that SrC12 has the highly undesirable charac-
teristic of being very hygroscopic. Accordingly, in

the form of a small-particle sample or powder any
contact with moist air must be avoided,

B. Sample preparation

Gadolinium-doped SrC12 single crystals were grown
for the specific purpose of providing dry, high-purity,
homogeneously doped starting material for the pro-
duction of small-particle samples by means of an eva-
poration process. These single crystals were grown
by a standard Bridgman technique from carefully
mixed SrC12 and GdC13 powders which had been
dehydrated by slowly heating the mixture under vac-
uum to a temperature of 673 K. This dehydrated
mixture was transferred under vacuum to the quartz
growth ampoule which had been degassed previously
by heating under vacuum for 48 hours at 1173 K.
The resulting SrC12.Gd'+ single crystals not only pro-
vided feed material for the small-particle evaporations
but were also used to produce "bulk" (i.e., large-
grain) reference powder samples by means of simple
mechanical grinding.

The gas-evaporation technique originally developed

by Kimoto et al. 44 4' produces small particles by ther-
malizing the vapor phase in a low pressure of a cooler
inert gas, and the size of the resulting particles
depends on the evaporation rate, the pressure and
nature of the gas, and the geometry of the evapora-
tion chamber. This technique was chosen because
fast thermalization of the vapor atoms, which experi-
ence an average of 3 to 4 impacts with the inert-gas
atoms, serves to prevent phase separation between
the dielectric host material and the paramagnetic im-
purities. This characteristic alone is not a sufficient
criterion, however, since the concentrations of the
two vapor phases still must be equivalent to those in

the starting material. Due to the high solubility of
the rare earths in the alkaline-earth halides, this latter
condition seems to be satisfied automatically for
SrCI2.6d'+. For other systems (e.g. , CaF2.Mn'+
which was investigated initially) a standard evapora-
tion process distills the Mn'+ ions, and flash-
evaporation techniques are required.

In contrast to the technique of evaporation on a
substrate, the gas-evaporation technique also has the
advantage of producing small particles which are
directly formed in a crystalline state. In fact, as
shown by Solliard e) al. '7 for small gold particles, a
subsequent anneal is not required in order to bring
the small particles to thermodynamic equilibrium.
Due to natural convection phenomena, however, the
gas-evaporation technique does give rise to large
particle-size distributions. This size distribution can
be reduced by employing a cylindrical furnace
through which the gas is pumped. This pro-
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FI6. S. Schematic diagram of the apparatus used to produce small SrC12.6d + particles. A single crystal of SrC12.6d + (0.5%)
'

was placed in the graphite boat inside the furnace and evaporated in a viscous flow of pure argon (SN7), The small particles,
which were formed by condensation, were transported by the gas flow through diaphragms to the collection chamber.
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cedure also continuously renews the gas and elim-
inates degassed impurities. Additionally, the small
particles which are transported by the viscous gas
flow can be collected easily.

The apparatus used to produce the small
SrC12.'Gd + particles investigated in this work is
shown schematically in Fig. 5. A horizontal confi-
guration was chosen for the cylindrical furnace
shown in Fig. 5, since the free surface of the SrC12
crystal does not radiate toward a cool region in this
case and, accordingly, a more uniform evaporation
temperature is obtained.

Prior to each evaporation, the apparatus was de-
gassed at 343 K for 48 hours under a vacuum of

-a

t

3 & 10 6 torr. Simultaneously, the furnace tempera-
ture was slowly increased in order to eliminate traces
of H20 absorbed on the surface of the SrC12.'Gd'+ sin-

gle crystal, which was contained in a graphite boat.
Beginning at a temperature of about 773 K the walls

of the chamber were water cooled. The temperature
of the furnace was then increased to 1373 K. When
the chamber pressure was below 10 ~ torr, the diffu-
sion pump was isolated and the argon circuit opened.
At this point the argon (5%7 purity) was pumped
through a liquid-nitrogen trap using an ordinary
mechanical pump. In the present case the argon flow
was maintained in the viscous regime, in contrast to
the technique described previously in Refs. 46 and
49. Since aerodynamic problems can arise when col-
lecting small particles, the argon-flow conditions were
fixed at an argon pressure of 10 torr and an argon
flow rate of 5.62 torr 1/sec. When the evaporation
temperature was reached, the small particles formed
by condensation of the vapor were transported by the
argon flow and deposited on the various collectors il-

lustrated in Fig. 5. Once the samples were collected,
the chamber was repumped to 3 x 10 6 torr and the
samples were sealed.

Electron micrographs of small SrC12.6d'+ particles
produced by the technique described above are
shown in Fig. 6 for two evaporation temperatures.
The smallest particles (mean diameter $„=100A)
are apparently aggregated in "chainlike" strands. This
structure is not specific to strontium chloride and has
also been observed for CaF2, PbI2, "8 some oxides,
and other small dielectric particles. ' The preference
for forming these "chainlike" aggregates is not com-
pletely understood at the present time, but it is
presumably' related to surface dipolar effects. Using
electron micrographs such as those shown in Fig. 6, it
is difficult to obtain size histograms and, consequent-
ly, the samples are best characterized by the mean in-

dividual particle diameter $„.
C. Measurement techniques

FIG. 6. Electron micrographs of the small SrC12'.Gd +

particles produced with the apparatus illustrated in Fig. 5.
The argon pressure (10 torr) and flow rate (5.62 torr 1/sec)
are the same for the two samples. In this way, the average
size $„ofthe particles can be controlled by the evaporation
temperature alone. (a) T, =1373 K and @„=100A; (b)
T, = 1658 K and @„=250 A. It should be noted that the

smallest particles, as shown in a, are arranged in chainlike
structures, while the larger particles illustrated in b are well

isolated.

In order to eliminate any contact with moist air,
the small SrC12 particles were collected directly on a
quartz plate for the EPR measurements. The details
are illustrated in Fig. 5. This plate was attached to a
feed-through which had a double 0-ring seal and
could be introduced under vacuum into a quartz tube
(diameter ll mm) by using a sliding rod. The feed-
through then ensured the integrity of the vacuum in
the quartz tube. In this way it was possible to
transfer the small particles under vacuum to the EPR
spectrometer. Prior to every sample deposition, the
quartz tube and plate were outgassed at 773 K for 48
hours.

The EPR measurements were performed with a
standard X-band Varian E-line spectrometer. The
microwave frequency and magnetic field were mea-
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FIG. 7. First derivative EPR spectrum for a SrC1~'.Gd +

(0.1%) single crystal as obtained at X-band and room tem-
perature when H is applied along a [100j direction. The sa-,
tellite lines on each side of the seven main lines are due to

3the hyperfine structure associated with Gd (I =- 2, natural
157abundance 14.73%) and Gd (I= 2, natural abundance

15.68%). The observed line shapes for this spectrum were
used to perform the theoretical convolution of Eq. (6).

sured using an EIP-350D counter and an automatic
proton gaussmeter (Bruker BNM 12).-Each shoulder
observed in the powder spectrum was "detailed" (i.e. ,
spread in magnetic field) in order to precisely fix its
position and linewidth. The recorded shoulder was
digitized with a HP-98643 digitizer which was con-
nected to a Hewlett-Packard 98303 calculator. This
calculator then provided the input to a CDC 3600
computer. In this way, it was possible to send the di-
gitized values to the computer automatically, fit them
with a Lorentzian line shape superimposed on a
linear base, return the adjusted parameters to the cal-
culator, and finally transform them into the shoulder
position and linewidth by using two proton references
which were also digitized.

The sample-deposition technique used in the
electron-diffraction measurements was identical to
that described above for the EPR studies, except that
the quartz plate was replaced by a standard electron-
microscope grid which was coated with a thin carbon
film. The vacuum seal was broken inside the diffrac-
tograph (after it was evacuated) by using a sliding
rod. A moving furnace was used to anneal the sam-
ple in situ without moving the microscope grid.

Small dielectric particles produced by evaporation
on a heated substrate do not form the chainlike
structures shown in Fig. 6(a) and are well isolated.
Therefore, in order to establish more accurately the
relationship between the particle size and lattice
parameter, measurements were also performed on
samples prepared by in situ evaporation on a sub-
strate. In this case, the grid was attached to an air-

lock system5' so that it could be directly transferred
under vacuum to the electron microscope. Contrary
to the case of the formation of small metal particles,
the substrate must be heated to about 773 K when
evaporating SrC12 if well-isolated small particles and
high-quality Debye-Scherrer diffraction patterns are
desired. When the evaporation of the SrC12 was per-
formed on a substrate at room temperature, an amor-
phous film was formed. Annealing this film at 773 K
resulted in the appearance of spotted rings in the dif-
fraction pattern, which indicated that a crystalline
film had been produced. The electron-diffraction
measurements were performed with a ED4-Balzers
diffractograph (50 kV), and the analysis of the plates
was identical to that described in Ref. 9. Thallium
chloride was always used as a reference.

Electron micrographs of the small SrC12 particles
were obtained with a high-resolution Philips EM-
300S transmission microscope, and the air-lock sys-
tern previously described in Ref. 51 was used to
transfer the sample under vacuum.

IV. RESULTS

A. SrC12.'Gd + single crystals

and large-grain powders

The EPR spectrum of a Gd +-doped SrC12 crystal
(grown as described in Sec. III B) is shown in Fig. 7
for Hll [100]. The linewidths of the various electron-
ic transitions were used to obtain the convoluted
theoretical spectra. shown in Figs. 3 and 4. Equations
(2) and (14)were used to calculate the spin-Hamiltonian
parameters from the measured line positions. The
results are listed in Table II and are in good agree-
ment with the previously reported results of Abra-
ham et al. ' For the —

2
+

2
"central" transition,

as shown in Fig. 7, it was possible to resolve partially
the hyperfine structure of the ' Gd and ' Gd iso-
topes. The measured hyperfine constants for these
two isotopes are listed in Table II.

Figure 8 shows the experimentally determined EPR
powder spectrum of SrCl2.'Gd'+ (0.5%) which was ob-
tained at room temperature ( —297 K) and X band.
The agreement with the computed "theoretical" spec-
trum shown in Fig. 4 is apparently quite good. It
should be pointed out, however, that one must take
into account the fact that the line shape F~(H),
which enters into the convolution of Eq. (6), depends
on the orientation of the applied magnetic field. As
noted by Abraham et al. , for a nonprincipal direc-
tion, the superhyperfine structure due to the Cl
neighbors is partially resolved. This coupling togeth-
er with second-order effects can introduce additional
structure on the two superimposed divergences
( +

2
+ —, (110)) and ( +

2
+ 2, (110)). Ef-
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TABLE II. Spin-Hamiltonian parameters of SrC12.6d + at X-band and room temperature.

Samples

(figure No. )

Single crystal
(Ref. 29)

Single crystal
(7)

1.9925
+0.0005

1.9915
+0.0005

(—)b4
(10 4 cm-')

14.89
+0.02

14.99
+0.02

(-)&6
(10-4 cm ')

0.031
+0.004

0.019
+0.01

~ 1SS

~ 157

(10~ cm ')

3.81 +0,1

5,05 +0.1

Powder
(8)

Sample with $„=100A
annealed at 673 K

(10)

Sample with @„=250A
(13)"

1.9918
+0.0005

1.9915
+0.0005

1.9913
+0.0005

14.99
+0.02

14.99
+0.02

15.07
+0.02

0.020
+0.01

0.030
+0.01

0.023
+0.01

SrCI~:Gd '(0.5%)

cfr'
dH

100G
I 1

v=9.5GHz T=300 K

H

fects due to the partially resolved superhyperfine
structure are more pronounced when the Gd'+ con-
centration is lowered to 0.1%. Second-order terms,
which have not been taken into account in the
present powder-spectrum calculations, can slightly
modify the positions of shoulders and divergences.
They will also significantly affect the ( —

2
+

2 )
transition. This transition, which is nonsymmetric at
X-band, is perfectly symmetric at the higher Ea-band
frequency. It is possible to distinguish weak structure
on both sides of the —

—, + —, line even in the

powder spectrum. This structure corresponds to the
values Mi= +

2
for the Gd'"- and Gd'"-hyperfine

structure. The "powder-spectrum" spin-Hamiltonian

parameters listed in Table II have been deduced by
measuring the positions of the (100) shoulders.
These values are in agreement with those measured
for the single-crystal sample.

B. Small particle samples

SrCI,:Gd'
small pa

dpi I

dH

1006
I

v=9GHz T-300 K

The EPR spectrum shown in Fig. 9 was obtained
for the small-particle sample whose electron micro-
graph is shown in Fig. 6(a) (mean diameter:
$„=100A). The lines are obviously considerably
broadened, and only the shoulders ( +

2
~ + —,3 1

(100)) are still well resolved. Consequently, it was
not possible to deduce directly the spin-Hamiltonian
parameters for this sample. If one considers the gen-
eral form of the spectrum, however, and, in particu-

I

106

106

g=1.9900 —g=1.9900

FIG. 8. First derivative of the SrC12.6d + (0.5%) EPR
powder spectrum obtained at X band and room tempera-

1 1ture. The central line corresponding to the —— +—
2 2

transition is about 100 times more intense than the other
fine structure lines and is shown at reduced gain in the
corner of the figure. This line is nonsymmetric due to
second-order effects. This experimental spectrum is to be
compared with the "theoretical" spectrum shown in Fig. 4.

g=1.9900 g-1.9900

FIG. 9. EPR spectrum corresponding to the small-particle
sample whose electron micrograph is shown in Fig. 6(a)
(mean diameter @„-10011. The g value of the central line
is the same as that of the ground, large-grain powder sample
(see Fig. 8), but the fine-structure lines are considerably
broadened and slightly shifted, as shown in detail in Fig. 11.
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SrCI, :Gd'(0.5%)
small particles $ -1

1006
I i

v.=96Hz T=300 K

0=1.9899

FIG. 10. EPR spectrum corresponding to the small-'

particle sample used for Fig. 9 after annealing at 400"C for
3—4 minutes. The lines are now well resolved, and the
spin-Hamiltonian parameters obtained for this spectrum are
identical within experimental error to those determined for
large-grain samples (see Table II).

Sl Clz.'Gd (05%) small particles p =100A

a)before anneal 10G

lar, makes comparisons of the positions of the
shoulders ( +

2
~ + 2, (100)) and

( +
2

+ 2, (100)), it can be seen that the Gd3+

ions are predominantly still in cubic symmetry sites
in the small SrC12 particles. If the sample is annealed
at 673 K for 2 to 4 minutes, the spectrum shown in

Fig. 10 is obtained, and the lines are again well
resolved. The spin-Hamiltonian parameters obtained
for this sample are indicated in Table II, and they
correspond exactly to those found for "bulk" samples
(i.e., for either single crystal or ground, large-grain

powders. )
Figure 11 shows the details of the shoulders

( +
2

+ 2, (100)) which correspond to the spectra
shown in Figs. 9 and 10. By fitting these shoulders
as described in Sec. III C, it is possible to calculate
the magnetic field separation (AH3t2 &ioii&) between
the ( ——', ——

—, , (100)) and (+—,
' —+ —', , (100) )

transitions. For the small-particle sample whose
mean diameter di„was 100 A, this separation was
determined to be 11.5 0 larger than that found for
the large-grain powder specimens. This increased
magnetic field separation corresponds to an increase
of about 3'lo in the b4 spin-Hamiltonian parameter for
the small-particle sample relative to the "bulk" value.

In order to confirm that a size effect is actually be-
ing observed, it is obviously necessary to vary the
particle size in a systematic way and to correlate the
changes in b4 with the particle size. EPR and
electron-diffraction measurements which establish
such a correlation will be presented in Secs. IVC and
IVD. Prior to presenting these results, however,
some additional experimental results and associated
arguments will be given which clearly show that the
increased b4 parameter observed in the spectrum
shown in Fig. 9 is due to a size effect:

(i) The shift of the shoulders ( +
2
~ + 2, (100) ) is

not an artifact due to overlapping broadened lines. This
possibility is eliminated as discussed in Appendix D.
The positions and linewidths of these shoulders have
been measured as a function of Gd + concentration
for "bulk" powder samples, and a subsequent analysis
shows that the overlap of broadened lines does not
shift their position.

(ii) The increased b4 parameter is correlated with a
decrease in the lattice parameter a. Figure 12 shows
the electron-diffraction profiles corresponding to the
small-particle sample whose EPR spectra are shown
in Figs. 9 (before annealing) and 10 (after anneal-
ing). Prior to the anneal, the diffraction peaks exhi-

3 1FIG. 11. Detail of the shoulders ( +
2

+ 2, (100)) in

the EPR spectra shown in Figs. 9 and 10 for SrC12.'Gd +,

@„=100A„before and after annealing. The positions of the
lines as deduced by fitting with Lorentzian line shapes super-
imposed on a linear base are shown on the figure. The shift
of the shoulders which occurs for the small-particle sample
is clearly evident in this figure.

6000 Radius (time

I

30000

FIG. 12. Electron-diffraction profiles of small SrC12.Gd3+

particles corresponding to the electron micrograph shown in
Fig. 6(a) (mean diameter @„=100A). Profile (a) corre-
sponds to the EPR spectrum of Fig. 9 (before anneal) and
profile (b) to the annealed sample whose EPR spectrum is
shown in Fig. 10.
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SrCI,:Gd'(0.5%)
ll t Ism

100G

v=9GHz T=300 K

bit, in addition to a broadening, a small shift as com-
pared with the diffraction peaks for the annealed
sample. From measurements made using the (400)
Debye-Scherrer ring, it was possible to determine
that the observed shift corresponds to a contraction
of the lattice parameter of 4a/a = —0.2% in the
small-particle sample. This result yields a power law

for b4 given by hb4/b4= —n(t) a/a) with n —15.
(iii) The anneal increases the size of the particle [as

indicated by the electron-diffraction profiles shown
on Fig. 12 (Ref. 52)], and b4 resumes its bulk value

following this anneal The.objection could be made,
h wever that the anneal could also change the densi-

1ty and the repartition of defects inside the crysta s
(e.g. , anionic Frenkel defects or chlorine vacancies
filled with impurities, etc.)

(iv) When the evaporation temperature is increased,
the size of the SrCI2 particles is increased and the corre
sponding EPR spectrum tends to the bulk powder spec-
trum sho~n in Fig. 8. This is shown in detail in the
next sections; as an example, the spectrum shown in
Fig. 13 corresponds to the electron micrographs of
Fig. 6(b) ($„=250A, T, =1658 K), The lines are
well resolved and the spin-Hamiltonian parameters
deduced for this sample and listed in Table II indicate
that the relative change Ab4/b4 is only 0.5%. (It
should be noted that it would be very improbable for
a concentration of defects created during the evapora-
tion process to decrease with increasing evaporation
temperature. )

(v) A simple collapse of the small particles eliminates
th shift b b . If the sealed quartz tube containing the

.fsmall-particle sample is opened for a short period o,

time, contact with the moist air not only results in
some hydration, but the small particles collapse into
large aggregates. (An example of this collapse for

SrCI2.'Go' (0.5%) small particles &v=130A

a)under vacuum 10G

SrC12 small particles is illustrated in the electron mi-
crographs shown in Ref. 51.) This hydration-induced
aggregation should not produce a repartition of the
defects and a change in the defect density, while such
changes could occur during the aggregation induced
by a thermal treatment. Accordingly, if a size effect
is operable, the shift isbn should vanish (or almost
vanish depending on the aggregate size) in the larger
particles formed by the hydration-induced aggrega-
tion. The results of an experiment of this type are il-

lustrated in Fig. 14, where the shoulders

( + —,'+ —,', (100) ) for a sample with @„=130A
are compared with those observed after the sample
had been exposed to air. The relative shift of
ls, b4/b4= 1.86% found for the sample prior to the air
exposure is reduced to only 0.23'/0 after an exposure
of a few minutes. Based on the above cumulative
evidence, it is possible to conclude that the observed
increase in b4 corresponds to a "size effect. "

2 2

3 1FIG. 14. Detail of the shoulders ( +
2

+ —,(100) ) as

measured for a small-particle sample with @„=130A: (a)
when the sample has been protected from moist air in a
sealed quartz tube (see the details of the collector in Fig. 5);
and (b) when the sample was exposed to air for a few
minutes.

10G

g=1.9899 g-1.9899

FIG. 13. EPR spectrum of the small-particle sample
h se electron micrograph is shown in Fig. 6(b) (mean di-

andameter @ =250 A). The lines are now well resolved anlt

the spin-Hamiltonian parameters obtained for this sample
and reported in Table II approach those found for the bulk
samples (ttb4/b4 =0.5%).

C. Positions and linewidths of the EPR shoulders
as a function of particle size

The experimentally determined magnetic field
7 5

separation AHM, ()pp) for M
2 ' 2 ' and

2
1

Fig. 15 as a function of the inverse of the small parti-
cle diameter &b„. [The notation b8~ &tao) employed
here represents the magnetic field separation between

—7
conjugate pairs- of transitions. With M = —,, the

7
separation would be measured between the ( —

—,

—
—, , (100)) and (+—, + —, , (100)) shoulders

and so on. j It is clear from Fig. 15 that the position
of the shoulders tends toward the bulk value (in-
dexed as "B")as the particle size is increased.
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—,and 2, respectively [cf. Eq. (2) or Table I].
Therefore, based on this admittedly simple model, it
is then possible to write

1

4 &4 C(M)~HI", (too& =~HM. &too& + 3PV&
gPB, 4&a

(18)

400-

o:ltl = 3/p

(8:hulk salus)

3SS

3S4-

332 =

324

N00 500 300 200 150

0.005

(pp $„(k)-

o.p( y„'(f('&

FIG. 15. Splitting ~HM of the shoulders
3 5 7(+M +M+1, (100)); with M= 2, —,„2,obtained for

smail-particle samples of SrC12.6d + (0.5'/0} at Xband and

room temperature as a function of the inverse of the mean
particle diameter $„.The dashed lines are least-squares fits
which were obtained using the restriction that they approach
the bulk values (indexed "8"at large particle sizes. ) The
straight lines correspond to least-squares fits for the small-

particle samples only.

~0M, (100) ~~M, (100) ~~4
OM

~0M, (100) ~4
(19)

agrees quite well with the prediction of Eq. (18). A
least-squares fit to the gM(Q„') values gives

3'2583 —5 5 10 '
&4 d „(A)

The predicted linear dependence of Hg (tpp& on g„tis
approximately satisfied, as shown in Fig. 15. (The
straight lines correspond to a least-squares fit to the
small-particle values. The dashed lines have been
obtained by imposing the requirement that the curves
reach the bulk values. ) The slope of the lines in Fig.
15 does not seem to vary with the C(M) coeffi-
cients, however. In particular, the slope of the line
for M =- —, is too small in comparison with that ob-

tained for M = —, It should be noted, however, that
3

the shoulders ( + —,~ + —,, (100)) are extremely

difficult to measure accurately since their intensity is
very weak (here the intensity minimum in the
single-crystal spectrum also corresponds to the max-
imum spread of the intensity in the powder spec-
trum), and also the width of these shoulders is most
sensitive to a distribution in the b4 parameter. Using
the results shown in Fig. 16, it can be shown that the
relative change given by

Electron-diffraction results obtained for small-
particle samples are frequently interpreted by means
of the so-called "drop model", which is only valid for
an isotropic, spherical solid. In this model, the sur-
face stress y gives rise to a Laplace hydrostatic pres-
sure and consequently to a lattice parameter contrac-
tion given by

da 1 AV 2 /3'Y 4 O'Y

a 3 V 3 R 3
(15)

where P is the compressibility (P = 3.10 "m2/N for
SrC12) (Ref. 54). Assuming a power law of the form
b4~a ", it is possible to deduce immediately that

rt (16)
b4 a 3

b4
AH~ (tpo&

= C(M)
gga

where C(M) is equal to 40, 20, and 24, for M= 2,

Neglecting the b6 parameter (which is almost zero, as
can be seen from Table II), it is possible to write

I

0.005

oo 4„(A&

o.ot 4„-'(A-'&

FIG, 16, Relative change qM= (hHM" (100) hHM (100)}/'
AHM (100~ of the AHM(100~ splittings as a function of the
inverse of the mean diameter $„ofthe small particles. By
considering a pure hydrostatic compression and neglecting
the b6 parameter, the least-squares fit shown here gives the
product (ny} directly. Here y is the surface stress of SrC12
and n is the power-law exponent appropriate to the b4
parameter.
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The slope of this straight line corresponds to the fol-
lowing (ny) product:

(ny) =8.146 N/m

The negative intercept Ab4/bq= —5.5 && 10 3 when
Oe has no physical significance, since for

Q„=500 A, the coefficient q/tr is always positive and
the slope of qM(Q. ') appears to decrease. It is possi-
ble that this type of change could be correlated with a
change in the small-particle habit, since in the sample
with $„=250A [Fig. 6(b)], the largest crystals are
faceted, while in the sample with @„=500 A. [see, for
example, Fig. 2(a) of Ref. 511, all of the crystals
have the shape of Wulff polyhedra. ' Such a change
in crystal habit (i.e., a non-Wulff-to-Wulff transition)
would be in agreement with the remarks of Solliard
and Buffat9 concerning the difference between sur-
face stress and surface tension when the surface
planes are stretched.

The full width at half maximum 4H~/2 ~ of the
shoulders ( + M ~ 2 M y 1, (100)) is shown in Fig.
17 as a function of $„t. Contrary to the spin-spin
broadening effects illustrated in Fig. 19 (see Appen-
dix D) the broadening of the shoulders for the
small-particle samples is approximately proportional
to their magnetic field separation from the "central"
line ( —

z
+

z ). In particular, the linewidths

4H]/2 7/2 and 4H~ j2 5//2 are found to have the ratio
2:1, which corresponds reasonably well to the ratio
C( 2

):C( 2 ). These results indicate that the

broadening is inhomogeneous and arises from a dis-
tribution in the b4.parameter. A distribution in the
fourth-order spin-Hamiltonian parameter could arise:
(i) from a size distribution in the small SrC12 parti-
cles, (ii) from an inhomogeneous lattice contraction,
or (iii) from the effects of multiple twinning. "
These three possibilities will be treated in order as
follows:

EH, „[G)

40

30

20

nC(M)
( ~H1/2, M) n(Q) (21)

For the shoulders ( + —, ~ + 2, (100)) in the spec-3 1

trum of a sample with @„=100A, this represents a
contribution of 5 G. The @„'dependence of
b Ht/2 sr predicted by Eq. (21) is in qualitative agree-
ment with the values shown in Fig. 17. In order to
deconvolute the line, however, a size histogram is re-
quired, and the determination of a reasonably
representative histogram for particles such as those
shown in Fig. 6(a) is not easy.

(ii) The lattice parameter may not necessarily be
uniformly contracted inside a very small crystal. The
surface atoms are certainly more perturbed relative to
the atoms in the interior of the particle, and effects
due to faceting of the particle should also be con-
sidered. 5 An additional complication could arise if
the Gd'+ distribution were inhomogeneous (e.g. , if a
surface segregation of the impurities occurred).

(iii) Studies of the structure of small metallic parti-
cles (i.e. , gold and silver) via the technique of elec-
tron microscopy have shown that, at thermodynamic
equilibrium, the particles are characterized by a large
number of twins. "'" No such evidence is present in
our electron micrographs (e.g. , Fig. 6). Using the
statistical theory developed by Stoneham, it can be
shown that the inhomogeneous broadening which
would result from multiple twinning is of the same
type as that produced by point defects. (That is, a
Lorentzian line shape is predicted whose shift and
width are linearly proportional to the twin density. In
the case of multitwinned particles this density also
varies as @„t.)

(i) If the position of a shoulder in the powder spec-
trum is giveri by Eq. (18), i.e., Hgg=HQ
+uC(M)/@„, then a distribution n($) in the size of
the crystals will result in an inhomogeneous broaden-
ing. If A$tg is the full width at half maximum
(FWHM) of the size distribution n (@), then the
resulting broadening of the corresponding shoulder

4H~/2M will vary as

~Ht/2, M ~4 1/2
~C(M)

$2
(20)

With the technique of evaporation in an inert gas em-
ployed in the present work, the size distribution is
such that /) Qt/2 = tb„. Consequently, the broadening
due to a size distribution can be expressed as

1000 500 300 200 150 loo 4)„(1)
0 I l I

0.005 o.ol 4„'(A')

FIG. 17. Mean full width at half maximum AH~~2 ~ of
the two symmetric shoulders (M M —1, (100)) and

( —M —M+1, (100) ) as measured for small SrC12'.Gd +

particles. These values are reported as a function of the in-

verse of the mean diameter @„ofthe particles.

D. Correlation with the surface stress as
measured by electron diffraction

In the present work, the technique of electron res-
onance has been established as a useful technique for
the detection of the crystallographic size effect in
small dielectric particles. Using the EPR technique
alone, however, it is only possible (as noted in Sec.
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a(k)

6.97
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6.96

6.955

500 300
I I

200
I
I

0.005

150
I

100 4)„(A)

o.o1 f-„'(A')

ponent in the a ' dependence predicted from a sim-
ple point-charge model. The theoretical point-
charge-model power law has been found to be quite
different from the experimental determinations based
on host-lattice variations, temperature variations, and
hydrostatic-pressure experiments. The EPR results
obtained for the fluorite-structure alkaline-earth
fluorides (CdF2, CaF2, SrF2, and BaF2) result in a
dependence on the host-lattice parameter of a "and
a 'o' for Eu'+ (Refs. 21 and 63) and Gd'+ (Refs. 20
and 64) ions, respectively. The use of these power
laws to predict b4 values for SrC12.'Gd'+, Eu'+ yields
values which are much larger than the measured

FIG. 18. Lattice parameter a of small SrC12'.Gd + (0.1%)
particles prepared by in situ evaporation on a heated sub-
strate. The (422) Debye-Scherrer electron-diffraction ring
was used for the determination of a. The a values are plot-
ted here as a function of the inverse of the mean diameter

P„ofthe small particles. The measurement technique is

identical to that described previously in Ref. 9.

IVC) to deduce the product (ny). In order to
separate the surface stress y from the power-law ex-
ponent n, it is necessary to perform hydrostatic-
pressure experiments on bulk samples, or to measure
the lattice parameter contraction in small particles by
diffraction techniques directly. The latter approach
has been used in the present work, and the results
obtained for samples formed by evaporation in vacu-
um (see Sec. III C) are shown in Fig. 18. The lattice
parameter, which is shown as a function of the in-
verse of the particle diameter, was measured using
the (422) Debye-Scherrer ring. The following result
is obtained from a linear fit:

a (g) = 6.9663—

Using this result along with Eq. (15) we find that

y =0.435 N/m. This value compares favorably with

(a) the specific surface work as measured by cleavage
at 77 K for BaF2 [(111[plane, y =0.28 N/m at 298 K
(Ref. 59)] and for CaFq [[ill[ plane, y =0.45 N/m
at 298 K (Ref. 59)], and (b) the surface tension of
molten60 SrClq(y =0.17 N/m at 1123 K and dy/dT
= —7 && 10 5 N/mK). It should be noted that the

calculated surface tension6' for the [111[planes in

SrC12 is 2.63 N/m, which is significantly larger than
the value of 0.435 N/m obtained here, while for the
[110] planes, the calculated value is of the same or-
der of magnitude (i.e., 0.319 N/m).

V. DISCUSSION AND CONCLUSION

From the combined EPR and electron-diffraction
results obtained for small SrC12.Gd + particles, it is
possible to deduce a power law of b4~a ", with
n =18.7 for the fourth-order crystal-field parameter.
This exponent is apparently much larger than the ex-

parameters, however. Hurren et al. 2' have pro-
posed that this discrepancy is due primarily to a local
distortion of the host lattice around the paramagnetic
impurity. For the SrC12'.Gd'+ and SrF2'.Gd'+ systems,
the local distortions should be nearly equivalent.
[The distance Sr2+ —Cl is 3.02 A as compared to the
sum of the ionic radii, r(Gd3+) +r(CI ) =2.75 A, is
"equivalent" to the Sr'+—F distance of 2.51 A com-
pared to the sum of the ionic radii, r(Gd3+) + r(F )
=2.27 A. ] For these two systems an a ' depen-
dence for the parameter b4 is obtained, and this
dependence agrees reasonably well with the
hydrostatic-pressure measurements of Kasatochkin
et al. , who obtained values of n =7.2, 6.S, and 7.4
for CaF2, SrF2, and BaF2.'Gd +, respectively. These
values do not take into account any local distortion
and are somewhat smaller than the values measured
by Hurren et al. ' for Eu + ions in the same hosts.
It has been suggested that the exponent is smaller for
Gd + due to a lattice contraction around the impurity
ion, since, in this case, there is an excess positive
charge. Temperature-variation measurements of the
crystal-field parameter b4, when interpreted in terms
of a pure lattice dilatation, give rise to higher power
laws. For the alkaline-earth fluorides, Rewaj has
found power laws of b4~a "and a ' for Gd' and
Eu +, respectively.

The value of n =18.7 obtained here for the
SrC12'.Gd + small-particle case could be explained in

several different ways:
(i) Since the value is close to the exponents de-

duced from temperature-variation measurements,
some dynamic phenomena could be involved. Effec-
tively, the finite dimensions of the crystal produce a
cutoff in the phonon spectrum. This cutoff can af-
fect the spin-lattice relaxation time of the Gd'+ im-

purities, as our initial saturation measurements at 4.2
K appear to indicate. Dynamic effects can also
change the value of the crystal-field parameters, since
their temperature dependence reflects at least a 20 to
70% ' dynamic contribution after substracting the
amount due to the pure thermic dilatation.

(ii) For the smallest SrC12 crystals (@„~250 A),
the "real" structure is not known. They may be single
crystals or may have internal twins similar to those
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found in small metallic cubic-structure crystals. In
any case, the smallest crystals must have nonuniform
internal strains, since the surface planes are more dis-
torted than the interior. The problem is the same for
the largest crystals, which have a Wulff shape. Facet-
ing effects or nonuniform internal strains not only
produce deviations from the very simple drop model,
but also modify the form of the spin Hamiltonian of
Eq. (1). If we consider, for example, a small b2O axial
term due to small distortions of the cubic sites, such
terms could be important, as compared with changes
in the b4 parameter. This eventuality has not been
considered here, since the EPR spectra corresponding
to the small-particle samples (Figs. 9 and 13) were
still apparently correlated to a cubic symmetry site.

(iii) Nonuniform strains as described in (ii) above
can be combined with a surface segregation of the
Gd'+ impurities. Some authors ' have observed that
Mn + impurities which were diluted in a single crystal
of NaC1 tended to diffuse toward the surface when
the crystal was heated to 673 K. In our case, a sur-
face segregation during the evaporation-thermal-
ization process would give more weight to those sites
close to the surface, and these are undoubtedly more
distorted than the interior sites. Furthermore, the
surface of the small SrC12 particles investigated here
is certainly not "ultraclean", since ad- or absorbed
layers of water are probably present with the conven-
tional vacuum conditions (10 torr) used in these
experiments.

In conclusion, the technique of electron paramag-
netic resonance has been shown to be a useful tech-
nique for the detection and study of crystallographic
size effects in small dielectric particles. This method
is much more sensitive than electron-diffraction tech-
niques; additionally, if the line shapes are deconvo-
luted with an accurate size histogram, it is possible to
investigate effects due to defects and inhomogeneous
strains.

APPENDIX A: METHOD OF LAGRANGIAN
MULTIPLIERS

The extrema of the function [cf. Eq. (11)l

H(I m, n) = u[1 —S(I2m2+ m2n2+ n2l2) ]

+p [ 2
[11 l2m2n2

—(l m'+m n +n t )+—]j

+ pl [2—2m2n2 —2(m2+ n2) ] —23.1=0 . (AI)

Plus circular permutations of (I,m, n) in Eq. (AI)
above; and

l2+ m2+ n2 1 (A2)

The conditions for the extrema are then determined
to be either (a)

1=0
or (b)

(A3)

) = ",' pm'n' —(m'+n')(Su+ —", p) .
I

(A4)

Plus circular permutations of (I,m, n) in Eq. (A3)
above; and

l2+m2+~2 (AS)

These conditions are satisfied by the following three
types of solutions:

may be calculated by introducing the function

Z(i, m, n, A. ) =H(l, m, n) —
A. (l'+m +n —1)

and assuming that the extrema are given by

52 52 54 52 0
5l 5m 5n 5A,

(Note that the M subscript has been omitted for sim-
plicity. ) The results of this calculation are as follows:

—10ul ( m2 + n )
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(iii) I =m =n =
W3

[ [111]direction j

(h. = ——u+ —P and H= — u+ —P)—10 35 2 16
3 6 3 9

These solutions correspond to the positions of
shoulders and divergences determined from an exact
calculation of IMPS(H). The method of Lagrangian
multipliers does not establish whether or not a given
singularity corresponds to a shoulder or a divergence.
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APPENDIX B: DETAILS OF THE POWDER-SPECTRUM CALCULATION

The position of a line (M) is given by the following expression [Eq. (11)]:

H=HM(l m n) =n~[1 —5(l m +m n +n I )] +P~[ 2
[11 I~m2n2 —(l2m2+m2n2+ n2I2) + —,] I

This expression must be used to calculate the integral
IMP~(H), which is given by

and

gH SHSH lSH
Sl Sm

where the conditions

(Bl) When these expressions are substituted into IMP'(H')

and the following definitions are made:

BM 231I3M

2A~ 10uM+21p~

H=HM(l, m, n)

are applicable. HM(l, m, n) may be transformed by us-

ing the following identity:

and

3 17H+ —,~~+ , I3~—
5 21AM . T&M + , I3M—

(I +m2+n ) =1=(l +m +n')

+2(l m +m n +n I')

the following expression for the integral of Eq. (Bl)
is obtained:

and the transformed expression is given by

HM(I, m, n) = ( —,n~+ —PM) (!4+m4+ n4)

+
2 !3~!m n —(zaM+ 4P~)

This equation may be written as

H =H~(l, m, n) AM(l =+m +n ) +BMI m n

with

f~(n, h~) = (2n4 —2n2+1 —hl) 'I2

x [2hM —(3n4 —2n2+1)

—eMn (n' —2n'+1)]'I'

where

I 3 17H+ 2~M+ 4 PM

5 21 231
AM 2

~M+ 4 !3M' BAf 2 PM

When this expression is substituted in Eq. (Bl)
above, the following integral is obtained:

I~'(H') =„d
I m(l2 —m2)(4A~ —2 B~n2)

with

APPENDIX C: DOMAIN OF DEFINITION OF THE
FUNCTION fM(n, hM)

The domain of definition of the function

f(n, h) = [g2(n, h)]' [g3(n, h)]'

with

g2(n, h) =2n —2n'+1 —h

and

H'=A~(l4+m4+n4) +BM(! m2n2)

We must now express l and m, or more precisely, lm

and (12—m2) as a function of H' and n By writi.ng

H' A~n4 —B~—n2(1 ——n2) 2

F=l+m = 2

AM 2 BM(n

it is easy to show that
' 1/2

lm = (1 —n')' F—
2

g3(n, h) =2h —(3n' —2n'+1) —cn'(n' 2n'+1), —

is given by the zeros of g2 and g3, and this domain is
shown in Fig. 1 for e =0. (Here the index M has
been suppressed. ) The effect of a nonzero value of e

on the domain must now be determined. First, it
should be noted that the domain limit corresponding
to the biquadratic expression g2 is independent of ~;
and, second, that the term which multiplies e in the
expression g3 can be rewritten as

n (n" —2n +1)=[n(n —1)(n+1)]2
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This term is zero for n =0, + 1; and the shoulder
h =1, (H = n+P) and the divergence h = 1/2,
(H = —a/4 —

8 P) always arise from the (100) and

(110) directions, respectively. The second shoulder
(h =

3
if e =0) corresponding to the minimum of h

on the line g3( n, h) =0 is given by the following two
conditions:

~Hi/
M

(G)
25-

20

15

(1) g3(n, h) =0,
(2) =0 with g3(n, h) =0dh

nfl

The second condition is equivalerit to

Bg3(n, h) =0 = —6e n +4n (2e 3)—
8pl

+2n(2 —e)

The solutions of this equation are: n =0, which is a
relative maximum h = z, n' = (1 —2/e), which is to

be rejected since it diverges when e 0; and n'=
3 .

By using the solution n =
3 along with the condition

g3( n, h) =0 we immediately obtain the result:
h = (9+2~)/27 and, therefore, (H = —2a/3
+16l3/9). This shoulder corresponds to (111)direc-
tions.

B,H„(G)

646-

0
0

644—

642-

3&7—

0 0

385-

383-

0.5

ted

o:M=&j'p

o:M=

6 2
concentration c (Gd') (%)

APPENDIX D: SPIN-SPIN BROADENING

The position of a shoulder in the powder pattern is
deduced, as noted in Sec. III C, by fitting a Lorentzi-
an line shape superimposed on a linear base to the
experimental spectrum. It is necessary to establish
that the position of the shoulder (i.e., the center of
the Lorentzian) is independent of the linewidth in or-
der to prove that the increased separation between
the ( ——, —z, (100)) and ( + —, +-, , (100))
transitions does not arise simply due to the effect of
overlapping shoulders. For this purpose, the
linewidths and positions of shoulders in large-grain
SrC1~.6d'+ powders have been measured in samples
where the Gd'+ concentration was varied from 0.05%
to 2%. Grant and Strandberg have shown that, for
concentrations in this range, the resulting spin-spin
broadening is Lorentzian and is linearly dependent on
the concentration of the paramagnetic impurities. A
dependence of this type is shown at the top of Fig. 19
for the shoulders ( +

z
+ z, (100) ) and ( +

~

+ z, (100)). It should be noted that this

broadening does not depend on whether the transi-
tions are (+

z
+ ~, (100)) or

( + —, + —,, (100)) while, as the results show, the

line broadening observed for small-particle samples is
such that the linewidth of a shoulder is proportional
to its magnetic field position. For large-grain

FIG. 19. 401~~ M values, which are shown as a function
of the Gd + concentration, correspond to the mean full
width at half maximum of the two symmetric shoulders
(M M —1, (100)) and ( —M —M+I, (100)) where

3 7M = &, z. These values were obtained by the same fitting

technique used in the case of the small-particle samples.
The spin-spin broadening observed for large-grain powders
appears to be linearly dependent on the Gd + concentration
and is not significantly different for different electronic tran-
sitions. This situation contrasts with the broadening ob-
served for small-particle samples (see Fig. 17). At the bot-
tom of the figure, it can be seen that the splitting &0M of
these shoulders is independent of the Gd + concentration.

I

powders, the magnetic field separations 4HM
between the shoulders ( —

—, ——,, (100)) and
3 1

(+—, + —, , (100)) and between the

( —T~ ——, (100)) and ( +T~ + ~, (100))
shoulders are shown in the bottom portion of Fig. 19,
and these separations do not depend on the concen-
tration of Gd +. Therefore, the experimentally ob-
served increase in the magnetic field separation
between the ( —T —z, (100)) and

3 1

(+
~

+ ~, (100)) shoulders for the small-particle
1 3

samples does not arise from line-broadening effects.
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