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Abstract. Properties of materials exhibiting cooperative phenomena are likely to be
modified on restricting the lattice size. Several such microcrystallinematerials have been
studied to infergeneral underlyingprinciples.Ferroelectricity,ferromagnetism,superconductivity,and superfluidityin limitedlatticesometimesnot onlyshowmodifiedbehaviourbut also
new behaviournot present in bulk. Microcrystalsare consideredto be free,coupled,grainboundary-separated,or domain-wall-separated.
Keywords. Microcrystalline; ferroelectricity;ferrimagnetism; superconductivity; superfluidity; lead zirconatetitanate; yttrium iron garnet

1. Introduction
All crystalline solids have essentially undergone a cooperative-behaviour syndrome in
the process of forming an ordered, repetitive lattice. We shall, however, use the adjective
for long-range, macroscopic phenomenology: ferroelectricity, ferromagnetism, superfluidity, and superconductivity.
The question we shall ask ourselves is: What happens when we limit the size of crystal
lattices which exhibit one of the above four interactions? The microcrystal of interest
will range in size from about 20 to 5000 nm. The microcrystals may be isolated,
adjoined as in a polycrystalline sintered ceramic with grain-boundaries, or may consist
of domains separated by domain walls. The boundary region of the microcrystal is of
some consequence because it may have unsaturated bonds, defects, softened surface
modes, second-phase segregation, stresses and strains. In a 20 nm diameter isolated
microcrystalline sphere the surface-perturbed region amounts to about 25 ~/o of the
total sphere volume. In a sintered polycrystalline aggregate the grain-boundaryperturbed region may be a significant fraction even up to 1000 nm diameter because of
the large stresses locked up in the defect-populated region of the grain boundary. The
domain walls shall, in the least, scatter magnons and phonons because of the abrupt
change in crystallographic orientation.
The application of solid state physical principles to the systems mentioned above is
fraught with difficulties. The experimental system being studied is not "clean". There is
almost always a distribution of particle, grain or domain size, a variability of interface
topography and of defects in any ensemble o f microcrystals under investigation.
Therefore, the inferences drawn will be necessarily of a qualitative nature.
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2. Ferroelectricity
2.1

Dielectric and piezoelectric behaviour

The effects of porosity, p, and grain size, Gs, on the electrical, piezoelectric, elastic, and
mechanical constants of perovskite ferroelectric ceramics have been studied by several
workers (Diamond 1961; Buessem et al 1966; Heydrich and Knauer 1981; Martirena
and Burfoot 1974; Okazaki and Nagata 1973). For grain size in the range of 0-1 to 5/~m
it is now established with hot-pressed samples (which minimize nonstoichiometry;
especially with lead-bearing materials) that with decreasing grain size (i) emaxdecreases,
(ii) the dielectric peak broadens and (iii) the transition temperature shifts upward. The
work of Okazaki and Nagata (1973) indeed shows that each property X followed the
relations X = Xo exp (ap) and X = X1G~, where Xo, XI, a and b are empirical
constants. The representative data are given in figures 1 and 2.
For isolated microcrystals the pioneering work is of Anliker et al (1954) and K~inzig
(1955): They have shown that the spontaneous deformation in BaTiO3 deviates from
the bulk value for microcrystals in the range 10 nm to 5 x 103 nm (figure 3) and the
deformation persists above the bulk-lattice Curie temperature. K~inzig (1955) also
postulates the existence of a surface layer of thickness 10 to 100 nm in ferroelectric
semiconductors like BaTiO3 and pz'r. Further, the surface layer has a lower dielectric
constant compared with the bulk (Goswami 1969). A surface layer with higher Tc than
that of the bulk has recently been reported for microcrystals of NaNO2 (Marquardt
and Gleiter 1982). Microferroelectrics have also been the subject of intense study from
the point of view of critical behaviour near the phase transition (Binder 1981;
Yurkevich and Rolov 1977). It appears that the change of the local order parameter in
the vicinity of ferroelectrics is drastically different from that of antiferroelectrics.
The dielectric property variations with grain size have generally been explained in
terms of a distribution model wherein grains are considered to be monodomains and Tc
for different grains has values obeying a gaussian distribution of width A about a
conveniently chosen temperature. This diffuses the phase transition. A step further was
taken when the mechanism for diffused phase transition was postulated to be derived
from a space charge surface or grain boundary layer.
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Figure 1. Relative ~rmittivity as a function of temperature for PLZT8/65/35 of various grain
sizes (Okazaki and Nagata 1973).
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Figure 2. Piezoelectricconstants for PLZT8/65/35as a functionof grain sizewith 0-01to 0-02
porosity (Okazakiand Nagata 1973).
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While certainly not neglecting the above factors, we propose that size effects on the
ferroelectric properties of individual grains have also to be taken into account.
Conceptually, as the grain size decreases, the lattice will not be able to sustain low q
vector modes below a size-dependent cut-off qc as shown in figure 4. As shown by
Cochran (1958) and Anderson (1958) it is only necessary that one anomalous
transverse-optic lattice mode change as o9~-o = 7(T-To) for obtaining the Curie-Weiss
behaviour when substituting in the Lyddane-Sachs-Teller expression:

~(O)
17 (O)2LO)~
~(OO) = 1• (~2o) •

(1)

From figure 4 it is seen that (cO-to)sott will not go to zero for small grain sizes. Indeed, it is
quite likely that ~OTOsoftens up to values which are higher for smaller grain sizes,
leading to lower e(O)max"Also, the decreasing trend o f (o~TO)softwill be arrested at higher
B~II

346

M S Muhani et al

OPTIC MODES
I
1',,4,,mSOFT TRANSVERSE-OPTIC MODE
I
WITH q ~ , 0 HAS oa-"~O AS T ~ T c
I

3
>(.~
Z
hl
0
W

I
I

u.

//

I

I

q

WITH DECREASING GRAIN SIZE
{DOMAIN SIZE)

WAVEVECTOR

q

Figure 4. Conceptual lattice-dynamical cut-offwhen grain or microerystal or domain cannot
support a large wavelength mode.

temperatures for decreasing grain size and, thus Tc will increase with decreasing grain
size.
We have examined the above concept analytically. From the lattice-dynamical
viewpoint, the decrease in e(O)m~xat lower grain sizes can occur due to the breakdown in
the cyclic Born-von-Karman condition. In grains of small size the cyclic Born-vonKarman condition has to be replaced by the boundary condition on the surface.
This has the effect that the phonon wavevector becomes discrete and the lattice
spectrum no longer includes vibrations with the wave vectors in the range Iql < n/D
where D is the size of the grain.
In ferroelectrics, the dominant contribution to e(O)max arises from the q = 0 soft
polar mode. It is therefore sufficient to consider size effects only on those optic modes
which have strong dispersion at q = 0. In BaTiO3 only the optic mode having qll [110]
shows strong dispersion at q = 0. The dispersion of the soft mode is of the form
fi2(D20(q) = ~2f.020(0) + ~q2,

(2)

where 7iCOTo(0) = (4"5___1"0)10-3 eV and = = 5.1 x 1 0 - * e V - A 2 at T = 300°K
(Shirane et a11970). Applying the Lyddane-Sachs-Teller relationship, which is valid in
the presence of spatial dispersion and unaffected by boundary conditions, one finds
(Dudkevich et al 1981):
%(O) = ~o(oo)/(1 + flD2),

(3)

where to ( ~ ) = S e~ 0920(0 )/~o20(0 ) is the value of to in the limit D ~ ~ ; e ~ is the highfrequency dielectric constant for the bulk crystal, the constant $ allows for the
contribution from the remaining lattice vibrations and/~ = nn2/h2O~2o(O). Equation (3)
clearly shows that the dielectric constant maximum has to decrease with the decreasing
grain size. In figure 5 the curve A denotes the theoretical value obtained for a BaTiO 3
ceramic employing Bruggeman's (1935) formula. Curves B, C and D denote theoretical
values for BaTiO3 grains of sizes 150, 100 and 50 A respectively. Equations (2)and (3)
enable us to estimate the grain size for which size effects become important. Allowing
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for the errors in the determination of parameters in equation (2) it appears that these
effects are noticeable only when grain sizes are < 100 nm. It is also possible that due to
crystallographic inhomogeneities within a grain, these effects show up even for grain
size larger than this.
The pressure effects on the dielectric behaviour of BaTiO3 and PZTceramics indicate
a decrease in the dielectric constant, downward shift of the transition temperature and
broadening of the dielectric peak with the increasc of pressure (Samara 1966; Timco
and Schloessin 1976). With the decrease in the size of the grain there is a lattice
expansion and the transition temperature shifts upwards. Thus the grain size effects
could be considered as negative pressure effect.
The broadening of the dielectric peak with the decreasing grain size can be
accounted for by assuming a gaussian distribution of Curie temperatures for the grains
as in Diamond's (1961) model. In Diamond's model such a distribution of Curie
temperature can occur as a result of chemical inhomogeneities and strains. We propose
that in addition to these factors the grain size distribution within the ceramics also
contributes the distribution of Curie temperatures. Since the size effects become
predominant at lower grain sizes, it is reasonable to assume that the width of the
distribution of Curie temperatures increases with the decrease in the mean grain size.
This accounts for the broadening of the dielectric maximum at lower grain sizes.
It is interesting to see how the result shown in figure 3 for BaTiO3 affects the room
temperature property ofisomorphous PZT.Intuitively, one sees that a grain-size varying
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cut-off phonon frequency of the soft mode would lead to varying spontaneous lattice
deformation below To. These would scale to values with the same trend as in figure 3 at
room temperature. It has been shown earlier that the axial field gradient at the Ti ion
site in BaTiO3 is closely proportional to P~ (Bhide and Multani 1965) at various
temperatures in the ferroelectric phase. Now Pi = ~'doktrjk. Thus, the piezoelectric
modulus d333 (or d33 in the reduced notation) will be proportional to x / ~ " Further,
Vz= is also a function of the spontaneous lattice deformation. Thus, d33 shows
decrease with decreasing grain size. High-density pz'r samples were prepared according
to a new sol-gel technique (Palkar and Multani 1979; Multani et al 1982) to overcome
the limitations of the earlier techniques. Figure 6 clearly demonstrates the predicted
effect.
2.2 M6ssbauer effect
The above arguments have been based on the premise that a cut-off in q occurs in
microcrystals and it varies with size. Independent evidence of this premise is
demonstrated by M6ssbauer studies. From these studies one can conclude that the
M6ssbauerf factor for small particles increases relative to the bulk solid value when the
particles are embedded in a medium which restricts surface motion or reduces surface
phonon softening. The ratio of the zero-phonon gamma emissions to the total
emissions in a given time, that is the magnitude of the M6ssbauer effect, is given by:
f = exp[ - (X2)r'k2],

(4)

where ( x 2 ) r is the thermal average of the atomic-vibration amplitude and k is the
wavevector the gamma photon. For a Debye solid equation (4) is made more explicit:
f = exp [ - 6(ER/kBOo) { ¼ + (T/0o) 2 tk(T/0o)} ]

(5)

where E R = E2/2mc 2 is the energy of free recoil of the nucleus of mass m, 0 a is the
Debye temperature, and ~ is a tabulated integral.
Marshall and Wilenzick (1966) described the long wavelength cut-off by a
characteristic temperature 0u. An expression forf(T) has been derived on the basis of
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the Debye theory using
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0u,
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as well as the customary short wavelength cut-off, 0o:

3h

mkB22 {0o2[¼ + (T/Oo)2~)(Oo/T)] - 2 x +
3cTh. [-sinh(Oo/2T) ][
+ 4--~Bd' n L s - ~ n ~ . ~ 0 o 3 - 0 ~

(T/O,,,)24)(O,,,/T)]

9ch (02 4 0 ~ 1 - '
+ 8~sd\ o---~-- } j

, (6)

where h is the Planck's constant, m is the mass of recoiling atom, 2 is the wavelength of
the gamma ray, c is the phonon propagation velocity, d is the microcrystal "diameter",
and

~(z) = f~ eydy
y - 1"

(7)

It is important to realize that expression (6) includes ttie presence of surface phonons.
However, it appears that surface-mode softening has not occurred because of
embedding medium. It was later shown by Viegers and Trooster (1977) that the
temperature dependence of the f factor can be correctly accounted for only if we
consider the contribution to theffactor from the vibration of the particle as a whole.
They have described these vibrations by localized modes using the Einstein model, and
assuming these local modes to be independent of the phonons within the particle.
Buffat (1977) measured the Debye-Waller factor of very small, free or isolated gold
particles using electron diffraction between 300 and 600 K. The experimental results
show, for example, that at T = 300 K a reduction in the particle diameter in the range
between 200 and 20 A is accompanied by a decrease in the Debye-Waller factor from
0.85 to 0-69. This result may be attributed to the preponderance of low-frequency
surface modes. Thus, the resultant Debye-Waller factorf for gold microcrystals is the
sum of the decreased f d u e to surface phonons and the increased f d u e to absence of
long wavelength phonons.
The low-energy surface states have been directly probed by inelastic neutron
scattering (Richter and Passell 1980). The surface sensitivity was enhanced by the
hydroxylation of the surface of amorphous silica powder composed of 60-70 A
microclusters. Figure 7 shows clearly the increase in the density of the low-energy
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surface phonon states. Further, Baltes and Hilf (1973) and Bell and Dean (1971), using
different lattice-dynamical models, both predict a natural limit on the scale of collective
excitations or low-energy threshold at about 1 meV, below which the system is unable
to support collective motion. The 80 K data in Richter and Passell (1980) show evidence
of such a cut-off but it seems to be obscured at 300 K presumably by some type of
activated diffusion process.
An interesting facet of the long wavelength cut-off with domain size is seen in the
M6ssbauer studies of ferroelectrics and related materials. This area has become an
extensive field of research after the first theoretical proposition of soft-mode-influenced
f-factor anomalous decrease near Tc (Muzikar et al 1963) and the first experimental
paper on 57mFe:BaTiOa (Bhide and Multani 1965). Since then more than 30
perovskites and their solid solutions have been studied. The basic reason for f-factor
decrease is the decrease of the soft phonon energy around Tc to values close to that of
the 14"4 keV 57Fe gamma photon recoil energy on emission or absorption. For
BaTiO3, different spectra have been obtained by 3 groups (Bhide and Multani 1965;
Maguire and Rees 1972; Wildner et al 1980). Conflicting results have also been reported
for ferroelectric K4Fe(CN)6.3H20 by Hazony et al (1968), by Gleason and Walker
(1969) and by Clauser (1970). From the arguments given above it is easy to see that softmode excursions towards zero energy are very much dependent on domain size and
configuration. Its high variability will lead to different M6ssbauer zero-phonon
fractions.

3. Ferromagnetism
3.1

Superparamagnetism

The physical behaviour of magnetic microcrystals is of particular interest. When the
particles are small enough, they will be not only mono-domain but the thermal energy
at the temperature of observation will be sufficient to equilibriate the magnetization of
the assembly in a time short compared to the time of observation. Since the
magnetization of individual particles possess long-range order, the system will appear
to be paramagnetic with very large moment. One can conveniently observe this
phenomenon of "superparamagnetism" with the help of M6ssbauer spectroscopy-provided the superparamagnetic relaxation time (z) does not exceed the Larmor period
of the nuclear spin (which equals 2-5 x 10-s sec for an S7Fe nucleus in its first excited
state in a typical field of 500 kOe). The strong dependence of the relaxation time on
temperature may be approximated by
z = zo exp(K V/kBT),

(8)

where ro = 10 -1° see and K V = anisotropy energy barrier for a microcrystal of
volume V.
It has been observed in the case of particles below their superparamagnetic
"blocking" (i.e. macroscopic ordering) temperature that the magnetic hyperfine field is
smaller than in large crystals. Kraan (1973) suggests that this is due to surface ions
having a smaller hyperfine field than those in the interior; the incomplete co-ordination
of the former leading to a weaker magnetic coupling of spins. Morup and Topsoe
(1976) however propose an alternative explanation. In this "collective magnetic
excitations" model--the diminished hyperfine field is shown to result from fluctuations
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of the magnetization direction about an easy axis of magnetization. If these fluctuations
are not too large (i.e. k T / K V ~. 1), the hyperfine field for a particle of volume V at
temperature T would be given by
Hhf ( V, T) = Hhy (oo, T) [ 1 - kBT~ 2K V ],

(9)

where V = ~ refers to bulk material. Experiments have generally tended to support the
latter model. Recently, we have detected a very pronounced decrease in (i) the
macroscopic ordering temperature (from 645 K to 50 K), and (ii) the hyperfine splitting
below the ordering temperature (by more than 25 %) in the case of 20 nm antiferromagnetic YFeO3 microcrystals (Ayyub et a11983). See table 1. A smaller diminuition in
the hyperfine field has been found for a - Fe203 (Multani et al 1980) microparticles
> 300A.
3.2 Spin-flip transition
Another interesting particle size effect is the large decrease in the Moran transition
(spin-flip) temperature with decreasing particle size. In fact the transition is completely
suppressed for 18 nm ~t-Fe203 particles. Schroeer and Nininger (1967) explained this
observation by conceptually equating the effect of decreasing particle size to that of
applying a negative hydrostatic pressure. This is justifiable since the lattice spacing is
known to be inversely proportional to the particle size. The argument depends on the
fact that Moran transition is highly pressure sensitive.
3.3 Magnon scattering
Blankenship and Hunt (1966) made an important discovery relating to fine-grain Gdsubstituted vm, {Ys }c[1"Fe ~+ ]a (LFe 3+ )dO12. This loss instability power threshold in
a microwave device increased with decreasing grain size. Since then, considerable work
has been done to understand grain size effects. The main contributions have come from
Table 1. Hyperfine fields at different temperatures from least-squares-fit
M6ssbauer data (in kOe). Errors in measurement = + 1.5 kOe.
Temp.

Sample A

Sample B

Sample C

H e = 494

H F = 516
H y = 494

H r = 497

(K)
294
110

H F -- 516

H F = 537
H y = 542

X

50

H F = 521
H y = 402

H F = 538
H y = 546

X

16

H r = 522
H r = 423

H r = 539
H y = 546

H y = 548

5

H F = 522
H r = 432

X

X

H F = Heft for ~t-Fe203; H y = Heft for YFeOs
Sample A: Mixture of~t-Fe203 and YFeO s with a mean ESD = 20 nm; Sample
B: Mixture o f ~t-Fe20 s and YFeO s with a mean ESD > 250 nm; Sample C"
Bulk YFeO3.
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4 groups. These are Patton et al in USA (1970-1982), Borghese et al in Italy (1969-1977),
Sawado in Japan (1974-1980), and Scotter in irk (1971-1972). Work at TIFR began in
1980. The basic assumption made by all is that the mean-free-path ao of the spinwave is
limited in polycrystalline vi6 and hence its lifetime Tk = ao/Vg where vg is the
spinwave group velocity (Vrehen et al 1969). Thus the linewidth AHk = 1/~rk
where ~ = 1.76 x 107 O e - 1 sec- t is the gyromagnetic ratio. The spinwave or magnon
relaxation mechanism at values of Ho which are off-resonance is thus responsible for
the linewidth AHk as well as the critical microwave field hcrit at which n/2 magnon
(tok = (O/2 in a parallel pump experiment) instability sets in. The excited spinwave
frequency t~k is one-half the pump frequency to. The allowed magnons can be inferred
from the usual dispersion relation to = f(k) obtained from the Kittel-Herring equation
of motion:

dM/dt = ~[M x H I + 7Hex a 2 V2M x M

(10)

IMI

where Hex = AM and a is the separation of neighbouring spins.
A series of hot-pressed Y1Gwas synthesized by Patton (1970a) such that the grain size
average varied from 1 to 10 #m. A conventionally-sintered vm was also synthesized
with an average grain size of 30-1/~m. The spin-wave instability threshold h=it as a
function of the grain size for parallel pumping at 9"1 GHz is shown in figure 8. These
data clearly show that the threshold increases substantially as the grain size is reduced.
The hcrit for a 1-/~m-grain size sample (riP 1) is over thirty times greater than the
threshold for the 30-/am-grain size material (cP 30-1).
One can now apply the parallel pump instability theory of Schlomann et al (1960)
o9
hcrit =

AH k

tom sin2 Ok

(11)

,

where co is the pump frequency, tom = 4riMs = 1750 Oe, Ok = (k, Ho)
Also:

tok/~ =

IIo
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For rio: The exchange parameter D = 5x 1 0 - 9 O e c m 2, O~k=tO/2 , ~ = 1"76
x 105 O e - 1sec- 1, 47rM~ = 1750 Oe. Making use of (11) and (12) one obtains the data
A H k versus k as shown in figure 9. An interesting observation from this figure is the plot
shown in figure 8, indicating
AHk_.O oc ao I.

(13)

Also, one can easily get the theoretical curves for AH~ versus k based on the group
velocity equation:
vo = 2yDkk + 47tM~ sin 0~ c o s

Ok/kOk,

(14)

and the dispersion relation (22). [~ and Ok are unit vectors in the k and k x (k x Ho)
directions, respectively. These theoretical curves are shown by the dotted lines in
figure 9. It is clearly seen that AHk from the parallel-pump data and AHk from the
transit-time model do not coincide.
Patton, in a later paper (Patton 1970b), argued that the independent grain bchaviour
in a porous VlG sample would be more clearly evident than in dense materials because
the grains are more widely separated. Once again the spin-wave thresholds were
determined from susceptibility data using standard microwave techniques. The
experimental AH~ versus k are plotted and shown in figure 10. The dense or nearly dense
material (P1 and P2) show the usual k-dependence for AH~: a k-independent part
(0-60e for P 1) and a small component which increases linearly with k. With increasing
porosity, AH~ increases, the slope of the linear part remains about the same, and an
inverse k-dependent component comes in at low k. Patton has argued that the basic
features of figure 10 can be qualitatively explained from a model in which the spin-wave
lifetime is limited by the transit time for the mode across individual grains. The
theoretical curves are shown in figure 12. No detailed comparison can be done since the
theory does not take the non-localized nature of the spinwav~nto account. The parallel
pump analysis applies strictly to (Dk = 7[/2 modes, so that the 0k component ofvg is zero.
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However, the z-component of k (parallel to H0) cannot be exactly zero because of the
finite size of the region (assumed to be an individual grain) supporting the mode.
The results of Borghese and Roveda (1971a) clearly showed that there is a distinct
advantage on going to finer grain size. The high-power figure of merit F* rises from 2-7
to 12"5on passing from a 14-micron to a l-micron vI6 sample. The conventionally-fired
Ym has F* = 1.6 while the R.E-doped Ym F* saturates around 1.7. Fine-graining
R.E-doped samples raises F* only twice. From figure 12 it is interesting to note that all
the hcrit(X) curves reach a value of the same order of magnitude (from 60 to 100 Oe) if
extrapolated in the sub-micron region, between 0.2 and 0-5/am. In that region, small
grain size seems to dominate the relaxation process, independently of composition.
The independent grain behaviour for the parametrically excited n/2 magnons in
polycrystalline v[6 was further confirmed by Borghese and Roveda (1971b) in a novel
experiment. Four samples were prepared by the hot-pressing technique. Sample A was
derived from a polycrystal fired for 10 hr at 1460°C in an oxygen atmosphere, which
showed only large grains (,,. 10/am). The crushed powder was hot-pressed for 15 sec at
1750°C under a 500 kgcm -2 pressure. Sample E was derived by hot-pressing in the
same conditions a fine-grained (~ 1/am) powder. Samples B and D were obtained by
hot-pressing mixtures having weight fractions of 95 ~/oand 5 ~o, and of 5 % and 95 ~/~of
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the powders with which A and E were prepared, respectively. From figure 13 it is clearly
seen that curves B and D show two threshold fields; the first one related to coarse grains
(CG) and the second one to fine grains (FG). The saturation levels correspond
approximately to the volume fractions of CG and FG within the samples.
Scotter (1971, 1972) proposed that the mean free path of magnons is limited by the
number and size of pores and not by grain boundaries. That is, the independent grain
behaviour is absent at least for k > 2 x 10- s cm- 1. Scotter obtained polycrystalline vlG
samples containing nonmagnetic inclusions of varying concentrations and two radii
rl = 2"5 pm and r2 = 1.2/~m. He argued that on assuming the inclusions (or pores) to
cause magnon scattering,
AH k =

3DKp/2r

(14)

based upon the probability of scattering by the inclusions (or pores) on a cubic lattice.
Scotter's results show that the pore-limiting mechanism gives better agreement with the
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experimental result than the grain-size-limiting mechanism. However, it should be
noted that the experimental slope of the AHk vs k dependence for 1.2 gm inclusions does
not show the increase over that for 2.5 #m inclusions predicted by the 1/r term in (14).
Thus, a need is seen of a more sophisticated theory.
Borghese (1973) extended the work on fine-grain effects further by investigating x"(h)
in the strong-RF-field region on polycrystaUine rio samples which relax magnons
through crystallite-size limitation or rare-earth impurities or both. He worked out the
relationship for parallel-pump X" above hc assuming (1) that every grain becomes
unstable according to the relation
he.,

+ak,

=

= 2.2 × 10 - 3 0 e c m

and A~ is a threshold field dependent on the species and concentration of the rare-earth
impurity, and on k, (2) the grain size are lognormally distributed. Using the derived
relationship he compares it with experimental data on two pairs of compositions, the
first one exhibiting a moderate h,( .,. 15 Oe) and a second one, a high hc ( "-" 40 Oe). Each
pair consists of a fine-grained YI6 and an impurity-doped vlo. The agreement is
qualitatively satisfactory. It was also shown that Scotter's model can lead to an
expression for parallel-pump X"(p,r) showing a similar behaviour as for the independent grain model.
Unlike the phenomenological approach of Scotter, Sawado (1976) obtained a "first
principle" expression for the scattering cross-section of magnons by pores or nonmagnetic inclusions. The theory leads to a wavevector dependence of the spin-wave
linewidth as 1/k in the long-wavelength region and is proportional to k for the shortwavelength region. Also, the theory indicates that AHk is function of the number of
pores. There are two disagreements between theory and experiment: (1) the departure is
marked in the k ~ 0 regions, (ii) the pore radius required for reasonable agreement are
unrealistically small, around 5 x 10-~9 cm.
The scattering cross-section by pores was improved by Sawado (1980) by considering
the screening effect to the dipole potential of a pore. The effective volume of the pore
then comes out as:
3
/~ = - - / ~ o ,
2/~s+ 1

(16)

where/~o is the volume of the pore and gs is the static permeability. The theoretical
curves in figure 14 for Ylo were obtained assuming a static permeability of 2000.
Borghese (1977) elaborated the independent grain transit-time model by considering
the magnon scattering in polycrystalline Ym with inhomogeneous grain diameters. A
new formulation is presented for the analytical dependence of sin 0kin the approximate
dispersion relation of Sparks:
t~gz = 4~2D2k2 +

wMsin2 20jk 2.

(17)

The agreement with theory is improved and it is shown that for varying x and for
differentf(x) (such as lognormal, triangular, exponential and rectangular distributions)
the hmt(Ho) curves encompass the experimental result.
Silber and Patton (1982) have re-examined the whole problem ofhmtand AHk at least
for grain sizes 5 #m and above. The "transit-time" approach leads to a fit such as
AHk = A + Ck and table 2. Clearly, the fitted I values decreasing by only 33 % when the
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Table 2.

Variation of parameters with grain size and porosity.

Sample

Porosity
(%)

Grain size
(ao)

A
(Oe)

C
(10- ~ Oe-cm)

1
(a)

S.C.
CF 30
GI13
Pl.9

0"25
1
1'9

30
20
5

0"14
0"9
2'2
2-6

1
2.7
3"4
4.5

45
40
30

grain size changes by a factor of 6 indicates that the mean-free-path is not determined
by grain size alone.
On considering scattering as due to pores and on applying the Sawado model, one
obtains a fit such that:
AH~talc') = A + B A HtSawad°)(p),

(18)

where AHk (p) is the normalized pore scattering linewidth with the A and B values given
in table 3. Thus, AH k is not due to pores alone. The Sawado model predicts that the
functional dependence of the pore scattering on k and angle Okis the same for all pore
sizes and porosites. This model, therefore, will not account for the inverse k dependence
of AHk observed in high porosity samples, 6.5 % and higher. In these samples, however
the grain size was 2 #m or less and grain boundary scattering may be the dominant
contribution to the linewidth.
Table 3. Variation of parameters with microwave h vector angle w.r.t.
external field.
Sample
CF30

Gl13
PI.9

Pump angle

A (Oe)

B

0
45
90
0
0
90

0"56
0"96
0-86
1.91
2"35
2.28

3"86
3"47
2'76
4.57
5-69
4.61
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From all the above work done over a period of 12 years it is evident that heritdepends
on polycrystalline YIGmicrostructure. Pores seem to dominate in magnon scattering at
high grain sizes, and grain boundaries seem to dominate at small grain sizes.
At TIERwe have shown that it is possible to push the VlGgrain size below 1 #m and yet
have samples of near theoretical density. YIG microcrystals were obtained by a sol-gel
process (Multani et a11981) starting with 99-99 % pure nitrates of yttrium and iron. The
primary particle size average of these microcrystals was observed to be about 400 A
using transmission electron microscopy. This material was hot-pressed at temperatures
of 1150-1200°C and uniaxial pressures of about 500 kgcm -2. By changing process
conditions samples of average grain sizes of 0"3 #m and 0-6 #m were obtained. One of
the pellets with average grain size of 1~6 #m was annealed at 1200°C for 4 hr. This
increased the average grain size to 0.9 #m without any decrease in the almosttheoretical density.
The materials obtained were characterized to be single-phase by the x-ray powder
diffraction technique and by optical microscopy of the polished samples. The grain size
was determined using a scanning electron microscope and fractured samples. The
density of the samples was >/99-5 % of the single-crystal value.
The ferromagnetic resonance and the electron-spin resonance line-widths were
determined using highly polished spheres of the sub-micron microstructured rIG. The
FMRlinewidth was determined at 9.24 GHz whereas the ESRspectrum was obtained at
9.51 GHz. The observed line-widths are reported in figure 15. It is clearly seen that the
linewidths increase with decreasing grain size in the sub-micron regime. The relation is
observed to be a straight line on a log-log scale. More points for the graph could not be
obtained because of the lack of accurate control on the process.
The exact reasons for the observed dependence are not immediately apparent. The
experimental linewidth AHobs is made up of the constituents:
AHobs = AH, + AHp + AHi + AHia + AHe.

(19)

None of the constituents, AHo(anisotropy), AHp (porosity)and AH~ (intrinsic), are
expected to change with grain size. The approximate contributions of these terms are:
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Figure 15. FMR and EPR linewidths with varying grain size of hot-pressed microcrystalline
YIG.
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AH a ,~ 10 Oe, AHp ~ 10-15 Oe (porosity is less than 0.5 ~,), and AHi ~ 10e. Thus,
the total size-independent contribution does not exceed 30 Oe. There are two sizedependent contributions in 09). The first of these is AH e, the eddy current
contribution. This does not increase the linewidth by any appreciable amount because
all the materials had resistivities higher than l09 ~cm. The second size-dependent
contribution, AHia, arises due to inhomogeneous demagnetization. However, this
contribution will be almost constant because the three YIG spheres were of the same
diameter, approximately 1.5 mm. One of the parameters which does increase with
decreasing grain size is the defect volume in the grain boundary region. The second
parameter, which is grain-size dependent, is the spatial interruption frequency of
exchange forces by grain boundaries.
It is pertinent to point out that Inui and Ogasawara (1977, 1978) observed a similar
grain size dependence of AH in substituted Sn-Ca-V garnets below 50/~m grain size.
This occurred for the critical angular frequency (2/3)to Mcorresponding to the upper
limit of the spinwave manifold as explained below.
Patton (1970a) reported that the annealing treatment on the hot-pressed vlc
introduces porosity in the material when heated to 1400°C. However, we have
successfully increased the average grain size by annealing the samples at 1200°C. At the
high temperature used by Patton it is likely that a fraction of the Fe 3 ÷ ions convert to
Fe 2÷ ions, accompanied by the exolution of oxygen. The FMa linewidth would,
therefore, increase due to the shorter relaxation time of Fe 2 ÷ as well as due to increased
porosity.
Let us now examine what one expects on the basis of the existing theories of FMR
linewidth. The semiclassical approach of Herring and Kittel led to the inclusion of the
spinwave term in the equation of motion for the uniform precession given by (10) where
the exchange field Hex = 2~, and a is the distance between neighbouring spins. This
leads to the spinwave dispersion relation for ellipsoidal specimens given in (12). The set
oftok-k relations or the dispersion curves for 0 < Ok < rr/2 defines an allowed spinwave
manifold as shown in figure 16 for the resonance frequency of 9.24 GHz for vm spheres.
It is also now accepted that a strong coupling exists of the uniform presession mode
(k = 0) with the spinwave modes of the same precession frequency. The coupling agents
are magnetic lattice irregularities which act as scattering centres (Buffler 1959; LeCraw
et al 1958). Thus, the FMRto, line which is parallel to the k axis intersects the spinwave
manifold as shown in figure 16. It is to be expected that low-k states for which 2/2 > d
(the grain diameter) would not undergo excitation. Hence, the degradation of uniform
mode to the spinwave modes of the same frequency 09, would be cut-off at ka, the
wavenumber for which 2/2 ~ d.
The result expected from the above argument is contrary to what we actually observe.
Thus, it seems that there is a competing factor which increases the linewidth faster than
its decrease due to spinwave manifold truncation arising from decreasing grain size. A
plausible reason is that although the available spin-wave or magnon states available for
excitation decrease with decreasing grain size, the number of scattering centres (grain
boundaries) increase with decreasing size. Thus the transition probability (of uniform
mode to degenerate states) is higher for smaller grains and the occupation number for
the allowed magnon states is also higher (magnons obey Bose-Einstein statistics). This
would lead to an inverse dependence of AH and grain size.
The work on herit variation with sub-micron grain size is in progress and will be
reported separately.
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Figure 16. The spinwave manifold for co, --- 9"24 GHz. The hatched area shows the nonexcited region for grain size of 1>3/am.

4. Superfluidity
It is well-known that pairing of 3He atoms leads to superfluid phases of liquid 3He. This
(Cooper) pairing must extend over a coherence length given by
~, = [7((3)] t/2hVt:/(48)l/21tkaT°,

(20)

where vr is the Fermi velocity, ~ is the Planck's constant divided by 2n. The theoretical
estimates are es = l14A at P = 33 bar, and ~s = 190A at 12 bar. The pressure
dependence is expected to be reflected in the depression of the transition temperature.
Chainer et al (1980) have reported on the systematic observation of size effects on the
superfluid derosity and the transition temperature of liquid 3He, filling the pores of
packed powders, using fourth-sound resonator techniques. They observed that as the
pore size was decreased, both the superfluid density fraction ~ / p and the transition
temperature are substantially depressed from the bulk values. These deviations are
directly related to the coherence length. Figure 17 represents the measured superfluid
density fraction versus temperature at P = 20.57 bar. The three resonators I, II, and III
are packed with A I 2 0 3 microcrystals of nominal sizes 1, 0.3, and 0.05/~m respectively.
The results shown in figure 17 clearly indicate substantial depressions both in Tc and
-Ps/P as the microcrystal size (and hence pore size) is decreased.
It must be noted that only an averaged superfluid density of 3He-A and 3He-B is
being measured since both the anisotropy and size effects may be present in the pores of
the packed powders.
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5. Superconductivity
The superconducting transition temperature of microcrystals has been found to be
dependent on the microcrystal size smaller than the large intrinsic range of the pair
coherence length ~0 -- fivr/~A(0) where v F is the Fermi velocity, and A(0) is the BCS
energy gap at zero temperature. This dependence is mainly due to the order parameter
fluctuations. The theoretical and experimental aspects have recently been reviewed by
Muhlschlegel (1981).
Ohshima et al (1976) measured the conductivity of coupled small aluminum particles
smaller than 150 A. They found that T~was enhanced with lowering microcrystal size as
shown in figure 18. The phonon spectrum for surface layer will be modified as the
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effective potential for each atom is proportional to the square root of the number of
neighbours. Thus the Einstein frequency of the phonon decreases near the surface.
According to Garland et al (1968)Tc may be obtained by refining McMillan's (1968)
theory:
((D2) 1/20)ob :
1+2
(21)
In 1.26Tc (tog)~/2
A(I - 0 . 5 p * ) 2 ~ * '
where ( t o 2 ) is an average squared-phonon frequency as modified by the presence of
softened surface mode, ( t o g ) is ( t o 2 ) for bulk material and toob is the highest
frequency of the phonon spectrum of the bulk material, /~* is the Coulomb
pseudopotential, 2 is a dimensionless electron-phonon coupling constant, and A is a
constant of the order of unity. Both the last two parameters depend on ( t o 2 ) .
Computations based on McMillan's theory is curve b and on Garland's refinement is
curve a. If we assume softening of the entire particle then curve c results. It is clear that
the experimental data, lying between the two extreme simplifications, shall improve by
considering a more realistic lattice mode model than the Einstein model.

6.

Conclusions

It has been shown that finite lattices of cooperatively-coupled materials exhibit
modified behaviour as well as new behaviour not present in bulk materials. This new
area of research and applications has been reviewed and our contribution to it has been
discussed.
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