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Abstract

This work involves the preparation of small metallic particles (of diameters of 200 A or
less) possessing a nuclear spin, | = 1/2, to be used to study quantum size effects (QSE)
and surface effects using continuous wave (CW) nuclear magnetic resonance (NMR) tech-
nigues. Solvation and pulse methods were used to determine longitudinal relaxation times,
T, for lead and aluminum powders, where absolute values were found to he0%

and 4.85-0.70 for2°"Pb and?” Al, respectively. Approximate values for the Knight shift

were also determined (0.168 average’f8iPb and 1.24 fof” Al). In contrast to these find-
ings,1°° Ag analysis produced values with high degree of uncertainty. Relaxation times are
compared between small particle and bulk measurements, and the relaxation mechanisms
and parameters are described.

Keywords. quantum size effects, NMR, spin-lattice relaxation, saturation, surface effects,
Knight shift, nuclear spin.

Efectosde Tamafio Cuantico en Estado Sdlido - ResonanciaMagnética Nuclear de Particulas Metalicas

Resumen

Este articulo involucra la preparacion de pequefias particulas metdlicas (diametros de 200
A 0 menores) que poseen un spin nuclear 1=1/2 para ser usados en el estudio de los efectos
del tamano cuantico (QSE) y efectos de superficie usando técnicas de resonancia magnética
nuclear continua. Métodos de solvatacion y pulso fueron usados para determinar tiempos
de relajacion longitudinal, iTpara polvo de plomo y aluminio, donde valores absolutos

de 0.45-0.09 y 4.85:0.70 para®’ Pb y27Al, respectivamente. Valores aproximados para

el desplazamiento de Knight fueron también determinados (0.168Y4th y 1.24 para

2TAl). En contraste con estas determinaciones, el analisi§®dgy produjo valores con

un mayor grado de incertidumbre. Tiempos de relajamiento fueron comparados con re-
specto a medidas realizadas en particulas pequefias y en el material sélido. Finalmente los
mecanismos de relajacion y sus parametros son descritos.

Palabras Clave. efecto de tamafio cuantico, NMR, relajacion de spin-red, saturacion,
efectos superficiales, desplazamiento de Knight, spin nuclear.

Introduction tion of an infinite solid possessing translational invari-
ance. The invariance is broken by the presence of the
surface. The electrons are more localized. The localiza-
tion affects the average electric and spin densities near
the surface. There will also be a redistribution of the
ion cores near the surface which changes the potential
seen by the almost free electrons of the metal [11]. A
reduction of particle size from 1000Ato 100Aincreases
the surface to volume ratio by 10. Thus the importance
of the surface could mask bulk properties of the small
particles.

This work presents an NMR study of several metallic
powders whose constituent particles have diameters of
the order of 200A or less. Their properties|[1-9] can be
divided into two areas of study, surface effects and bulk
effects. The surface effects arise because of boundary
conditions on the electronic wave function at the sur-
face [10]. In a bulk sample it is always assumed that the
boundary conditions do not affect the wave function or
the electronic energy configuration. The theoretical cal-
culations in the latter case are simplified by the assump- A more popular approach to the electronic properties of
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these powders is to look at the discreteness of the energyFrom our previous discussion we see that there are two
levels [1+10] 12], a quantum mechanical effect which processes which could affe€} in small particles: the
we expect to be realized in particles of about 200A or separation of the energy levels and the physical vari-
less and at temperatures close to liquid helium [2]. The ations of the surface. We began this work hoping to
average energy level spacingof the electrons in the  obtain a variation off} in small particles due to both

small particles is of the order ef-/N, wherecp, is the mechanisms. We reasoned that the redistribution of
Fermi energy and N the number of electrons. For 100 A charges near the surface would cause an increase in the
particles N is of the order of 10- 10°. field gradient seen by the nucleus|[14) 17] such that

the quadrupole mode of relaxation will strongly inter-
vene in metals with nuclear spin | larger thén This
new interaction would explain the increase in line width
[17] and the reduction of} in aluminum and copper
[22,123]. This interaction will not affect metals with
1= % The quantum size effect (QSE) predicts an in-
crease of the relaxation time in small particles [2]. The
increase in the separation of the electronic energy lev-
els will hamper the conservation of energy involved in
the spin-flip thus increasing;T We expected then, to
find such effect in metals like yttrium, lead and silver
which have spinl = % The QSE could be masked
if there is a broadening of the electronic energy levels
Y — 8_7T%%h2f. Z 56 (7) 1) which, though no longer forming a continuum overlap
K3

Several experimental studies [7,.8) 14-25] have been
done on very small particles. The measurements are be-
sieged by the small amount of sample available which
decreases the signal to noise ratio. One of the methods
used to study the electronic properties of these materi-
als is nuclear magnetic resonance (NMR). We have used
the continuous wave (CW) technique of NMR to de-
termine the nuclear spin-lattice relaxation time in small
metallic particles. Nuclei in metals relax primarily
through the hyperfine interaction with conduction elec-
trons given by

3 allowing for energy conservation.
Wherey, andv,, are the gyromagnetic ratios of the elec- Experimental Methods
tron and nucleus respectively,and! their correspond- _
ing spins. Sample Preparation

The relaxation mechanism works as follows: when an General considerations

electron passes close to a nucleus, the nucleus experi-_l_h | q duced b ditional
ences a strong magnetic field, which may induce mag- e metal powders were produced by a traditional gas

netic transitions between the energy levels of the nu- evaporation_technique [30,131]. 'I_'he bulk metal was
cleus, that is, a simultaneous flip of their spins. The €vaporated in the presence of an inert gas at pressures
energy/iw required for such a flip is provided by an of a few Torr [32]. Thin films are produced by evapora-

equal change in the kinetic energy of the electron. The tion in vacuum. Their characteristics are depen_dent on
electrons in the metal are governed by the Fermi-Dirac tEe subdstraFe whfere tTIe ato_rr;s fa:: to form the film. Inl
statistics. The average kinetic energy of the electrons the production of small particles the gas acts as a cool-

is much larger than the thermal energy kT and is of the N9 @gént. Through momentum and kinetic energy ex-
order of the Fermi energy; . Because of the Pauli change upon collisions of the hot metal ions with the

principle only a fractiorkT /ey at the top of the Fermi I|gr&teL|nert ga;]s at(r)]ms, theffformgr ralpldly Iose. elnergy
distribution contributes to the relaxation process. Even and, hence, the chance of forming large particles in-

at room temperature this ratio is only of the order of 1% creases. The evaporated metal forms a cloud of smoke
[2€] whose shape depends on the type of vessel used for

evaporation and on the pressure and the temperature of
The spin-lattice relaxation time is found to be of the the inert gas. The smoke diffuses in the chamber coat-
form [27] ing its walls. The walls then appear to be covered with

carbon black. Preliminary runs made with copper in

1 4 5 various evaporation chambers showed that the average

@ lor (0)[" [p (er)]” KT (2) particle size increased with an increase of the pressure
of the gas, with an increase of the temperature of the
evaporating metal, and with the distance at which the
particles were collected. The inert gas used was helium
since heavier inert gases were known to result in large
size particles. The cloud of smoke formed is divided
in three zones starting at the source which are: nucle-
ation, growth and coagulation. The growth process is
described by the equation

Where a is a constani (0)|” is the electron density

at the nucleus averaged over a spherical Fermi surface
andp (er) is the density of states af- . We note that

the relaxation time is proportional to 1/T. Experimental
T, T values for the metals studied are:

Aluminum 1.88K [27]
Lead 29 niK [28]
Silver 98K [29]
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sample Diameter (A) .
X-Ray Electron Mic.
Al (bulk) 50000 -
[ (Small Part.) 220 265 96
Pb (bulk) 40000 -
(Small Part.) 150 168 90
Holder Ag (bulk) 10000 -
(Small Part.) 108 106- 34

Rotator

Zal sk
v\ Y« Colletion
] Beaker

T i T

Figure 1: Evaporation chamber inside vacuum system: 400 ml.
beaker, boat, brush and collection system

where D; is the diameter of the i-th particle at time t,
n(t) is the concentration of metal ions around the par-
ticle i at time t. This law describes well the particle
size distribution curves obtained experimentally. The

Table 1: Average particle diameters. Bulk samples were onlynea-
sured by the x-ray method. Diameters in electron microscopeol-
umn were obtained from distribution shown in Figure 3.

where b is the observed breadth of the line produced by
a coarse powder giving no line broadening and B is the

breadth of the powdered sample. These breadths are all
measured at half maximum.

Results

The first material tested was cooper. We found that for
a given boat different runs under the same conditions
of pressure, temperature and quantity of material being
evaporated gave fairly reproducible results. The follow-

ing typical data was obtained in three successive runs
with copper:

samples to be prepared had to meet the following con- Pressure= 0.5 Torr, Temperature= 1100

ditions: (i) the average particle size was to be below
300A[14]; (ii) oxidation of materials in production, col-

Evaporation Time= 42 sec,
Average Particle Size(x-ray)=55A.

lection and preservation had to be avoided; (iii) the amount
of usable sample material had to be such as to yield an Tapje | gives the x-ray and electron microscope diam-

observable nuclear resonance signal. The $piretals,
with the exception of thallium, have the lowest NMR
sensitivities of all materials, a decrease of two orders
of magnitude in the signal-to-noise ratio with respect to
Aluminum due to their low magnetic moments. In addi-
tion the yttrium sample was highly oxidizable and will
easily ignite when in contact with traces of air.

Measurements of Particle Size
Procedure

The particle size was determined by study of the x-ray
diffraction peaks and by direct measurement of particle
diameter from electron microscope photographs. The
breadth of the Bragg diffraction lines grow diffuse as the
particles or crystallites are less thartddin [37]. The
diameter D of a particle may be determined from the
width at half maximum as expressed by the well-known
formula [38, 39].

D =Ek\/BcosH

Where# is the Bragg angle) the wavelength of the
radiation and k a constant taken as unity according to
usual practiceg is the pure diffraction broadening cor-
rected by the relation

52:B27b2

eters. The histograms of the particle distributions dis-
played in Figure 3 gave a rough estimate of the distribu-
tions Seven samples were collected and preserved with
no apparent oxidation. Their coloration remained deep
black. Three lead samples were mixed having x-ray di-
ameters of 153, 160, 162 angstroms each. The x-ray di-
ameter of the composite sample is given in Table | and
the particle distribution is shown in Figure 3. The silver
small particle sample was the result of a single evap-
oration. The procedure of production is not efficient.
Small particles of other spin I=2 materials, mainly sil-
ver and thallium, were also produced but were not used
extensively as the amount of sample obtained was only
marginal or apparent oxidation (color change) had oc-
curred. Itis, perhaps, no accident that the main research
effort has concentrated on metals such as copper and
Aluminum. Their small particles are easier to produce
and have a NMR sensitivity 2 orders of magnitude larger
than that of spin} metals.

NMR Studies
Resonance Equipment

The low signal-to-noise (S/N) ratio of the small metal
particle samples made it necessary to use the combi-
nation of experimental components shown in Figure 4.
A 12 inch Varian 4012-3B electromagnet with a gap of
1.75tt was used. The current source of the magnet was
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Aluminum
N=38
d=265+96

Silver
N =280
d=106+34

Lead
N =56
d=168+90

Rt
700

'500 1100 1300

Particle Diameter (A)

Figure 2: Frequency distribution of particle sizes for N particles
from electron miscroscope photographs. Average particle idme-
ters plus or minus one standard deviation are given in each figre.

a Varian 2100-B power supply. The field was varied
through resonance with a variable scan ramp voltage
from a PAR Boxcar Integrator connected to the sweep
input of the power supply. The rf transmitter and re-
ceiver of the Varian 4200 NMR spectrometer was used.
This is a crossed coil type spectrometer which will re-
ceive either the dispersion or absorption signal. The sig-
nal was audio-modulated by the V-4250 audio osillator
or, directly by the reference signal output of the lock-in
through the external input of the V-4250 unit to the coils
inside the probe. The modulated signal was detected
by a PAR 126 lock-in amplifier adjusted with the PAR
119 preamplifier in the direct mode for test impedance
matching. The output of the lock-in, which is proporti-
nal to the derivative of the absorption or dispersion sig-
nal was recorded by a HP-7004B x-y recorder and, for
initial adjustments by a TeK 546 storage oscilloscope.

Techniques for Determination

An ensemble of nuclear spins in an NMR experiment
are well known|[40]:

M, —-M,,  M.z+ M,y
3
Ty Ts

=~M x H — (3)
The first term in this equation describes the motion of

the motion of the total nuclear magnetizatil%of free
nuclear spins in a dc magnetic fielfl, 2 plus an rf field
linearly polarized in the z direction, that is

H, = 2H, coswt

r — — -V-4200 Spectrometer - - 1
! |
|
|
T

Electromagnet

Probe I

Transmitter |
______ V-4210A

Receiver

| |
Sweep Unit
| V-4250A

|
|
-

V-4012-3B

(

Magnet - T
Power Suppl
V-210013

Lock-in Amp.
PAR 126

PAR
< Storage Scope
TEK. 564

KP-7004 B

Figure 3: Block diagram of experimental NMR apparatus.

where 2H is the field measured experimentally. The
main contribution to the nuclear spin energyHg M., .

The approach of the magnetization towards its equilib-
rium value M, is described by the second terff. is the
longitudinal relaxation time. Its value depends on the
thermal motion of the atoms and the electronic struc-
ture of the sample. The interactions in which the to-
tal energy of the spin system does not change, such as
spin-spin interactions or magnetic field inhomogeneity
affect the transverse components of the magnetization.
They are described by the last term. The rate of decay of
the transverse components is characterized by afime
known as the transverse relaxation time. In this experi-
ment, the rf field induces transitions among the nuclear
energy states. The probability of transition between two
states with magnetic quantum numbers m an a mt' is
[40,l41].

1
P = 5P HE |< ! [L|m > g (v)

wherew; ~vHi, I, is the x-component of the nu-
clear spin. The shape function:g(is a measure of
the width of the energy levels distributed about a cen-
tral frequencyr, and normalized with respect to fre-
quency by [ g (v) dv = 1. The width of the levels is
caused by the spin-spin interactions, inhomogeneity of
the magnetic field, fluctuating local fields and other T
processes. Based on the relaxation times given in the
literature for the different bulk samples, we used two
different saturation techniques to determine the ratio of
the spin-lattice relaxation times in small particles (SP)
to bulk (B), T2” /TE. We may describe saturation as
follows. Assume for simplicity I=1/2. If n denotes the
difference in population between the two levels whose
populations are Boltzmann distributed we may write the
rate equation,

dn
E = ("107"741)/{1'*1

wheren, = N, H,/kT is the value of n when the spin
system is in thermal equilibrium with the lattice. When
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radiation is present we add an extra term to account for
the net absorption of energy. We obtain

dn
— = (no—n1)/pn — 2nP
dt /T = 2n

In the steady state (dn/dt = 0) the solutienis

N

1 —1
P (1 + 5’72H12T19 (V))
Then the Bloembergen, Purcell and Pound theory and
the steady state solution, (slow passage, in Bloch’s ter-
minology) of Bloch’s equations, Eq.3, are equivalent if
we define the quantity, by

Ty = 1/24 (0) (4)
giving the main result
V= SoW1 (1 + 72H12T1T2)71 (5)

for the component of the magnetization in quadrature
with H; [43]. v is called the absorption signal, because
it is proportional to the power absorbed by the sample.
The dependence of v on;Hbermits us to determine; T
from the saturation curve of v or the derivative of v|[44].
The signal is a maximum when

VHIT Ty = 1 (6)

and decreases at higher fields.

The method of detection used was described in the pre-

vious section. The lock-in technique gives a signal pro-
portional to the first derivative of the signal. Redfield(44)
has confirmed the validity of the progressive saturation
method for the determination of, when the integrated
absorption derivative is plotted against ldven when

fast modulation is being used, that is , when the steady

state or slow passage contribution is not fulfilled. For
slow passage we must have

Wm, T1 << 1 (7)

wherew,, = 2wy, is the modulation frequency. This
condition implies that the spin packets must be able to

relax between successive modulation cycles. A second

condition for slow passage is that the amplitude of mod-
ulation H,,, should be smaller than the line width. In
solids it is difficult to avoid modulation effects since the
relaxation times are of the order of 10msec or greater
which would require modulation frequencies of the or-

der of 10 Hz or less. These frequencies are not used

experimentally because of noise and stability problems
[44]. We found that the S/N ratio increased foy, <

1/T; and less rapidly fow,, > 1/T;. The signal satu-
rated with an increase of reaching a maximum about the
pointw,, 1/T;. If the peak-to-peak absorption deriva-
tive is plotted against Hthe signal saturates at a higher
field than the peak amplitude of the absorption signal,
but the maximum, we also found [42] is sharper in the
former case reducing the S/N ratio in a comparative study
of relaxation times. However, Eq.5 does not predict
the correct saturation behaviour of the dispersion sig-
nal [44]. Because of the low S/N ratio of some sam-
ples we decided to measure using the derivative of the
dispersion signal u (the real component of the complex
susceptibility) using a saturation theory developed by
Goldman [45]. He obtained a lock-in dispersion signal
which saturates normally, that is, the maximum occurs
wheny2H?T1T, = 1. The signal at the center of the
line can be written as

-1
1
' =ulwl (1 + 572H12Tlg (0)) (8)
The passage conditions are:
1)
H, < AH
modulation amplitude less than line width
2)
1/"‘-’7n << Tl
wherew,,, = 27,
3)
Wi < Y1, 9
4)
w2 < wih
5)
/ g(w)dv=1

The progressive saturation method requires a knowledge
of H; and T;. H; can be measured by the rotary satura-
tion or the double resonance method described later. T
can be determined from Eq.4 with

(10)
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where s(0) is the experimental shape function at low H
field. This definition of T, involves the integration of
the experimental derivative obtained by lock-in detec-
tion (to find s(0)) and further integration to obtain the
area under the absorption curve. To focus on the rela-
tive values of the relaxation times [46]47],

Ty o 1/an,, (11)

Sample Preparation and Suspension

A total of 8 samples were used. The Aluminum bulk
and small particles were immersed in heptanol. The
container was a regular glass test tube. wias mea-
sured at room temperature (36Q. The lead samples

were also immersed in heptanol. These measurements -

were taken at liquid nitrogen (7K) temperature in a
liter dewar. The material was placed inside flat 3x6mm
glass tubes closed with plastic cap fitted with an o ring.
The bulk and small particle silver samples were placed
in flat bottom glass tubes to increase the S/N ratio and
studied at room temperature. At °K too many mi-
crophonics from the boiling of the liquid nitrogen were
obtained which could not the reduced by fastening the

sample tube securely in the dewar or feeding helium gas |

to the upper section of the liquid nitrogen level above
the sample. The yttrium samples were immersed in oc-
toil. They were kept in capped test tubes in a nitrogen
atmosphere. We could not find a signal from the yttrium
small particles after mixing the powders from 3 separate
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Figure 4: Typical data in rotary saturation experiment: disper-

evaporations. We were able to obtain the dispersion sat- sion signal of protons in water heavily doped with manganesns

uration curve for

ttrium bulk but we could not find the
absorption signa@

8,49].

Theory and Summary of Published Data

We shall consider the research done to date and the ideas

proposed concerning the properties of small metal par-

ticles under two main headings: the quantum size effect

E%S%as proposed by Kubg [2], and the surface effect
’ ]-

The Quantum Size Effect
Theoretical Considerations

The boundary conditions on the electronic wave func-
tion in very small particles give rise to a discrete spec-
trum of the electronic energy levels. In the free elec-
tron approximation to metals the density of states at the
Fermi energyr is given by

pler) =3Nse (12)

where N is the number of electrons in the particle. The
average level spacing is defined by

s=1, (13)

as a function of audiofrequency.

Calibration of H, (=1600 meter units)

Vo =3.7979 Mc

Center of Dispersion Signal (arb. units)

1000 1500 2000 2500 3000

Figure 5: Rotary saturation of protons in water doped with man-
ganese ions. The minimum of the curve occurs at, = vH1/27.
H1 is 0.30 gauss. Fig. 5 showa typical data at differente Hset-
ting.

The separation of the energy levels will become appar-
ent when the level spacing is of the order of or less than
relevant energies such as the electronic Zeeman energy
1pH, the nuclear Zeeman energyH (Table 1l) and

the thermal energy kT. The QSE will then be expected
to drastically change (i) the static thermodynamic prop-
erties of small particles as determined by the statistical
distribution of electrons in the discrete levels and, (ii)
dynamical processes as, for example, nuclear relaxation
in which nuclear Zeeman energy is exchanged via di-
rect nuclear-electron coupling with the conduction elec-
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Temperature Diameter Fermi Levc_el Zeeman Zeeman Relax. Time
(NMR) Energy Spacing (Nuclear) (Electron) (Electron)
T (°K) d(A) er (ev) o (ev) hwy, (V) hwe (eV) T (sec) AE (ev)
A7 300 220 117  34x10° 1.6x1Q] 4.0x1Q;  4.3x1Q,)° 1.5x10°6
PR207 77 150 9.47 1.8x10° 1.6X1%) 4.0xlq

Ag'®? 300 108 549 1.9x10° 1.0x10), 1.3x1%§ 8.6x1Q,°  7.6x10°°

Broadening

Table 2: Relevant parameters in small particles.

o I 1 irregularities. Three different ensembles were realized
. ' [ depending on the type of symmetry that characterizes
19 the system and on the character of the number of elec-
trons, even or odd [25]. The QSE should disappear in
° particles where the energy level broadenkig is larger

: F1999 than the average spaciddetween levels [52].

= ] Electronic Properties

9832

imm=—_ . Il . (a) Kawabatal |5] developed an EPR theory in fine par-
il N AT [0 ticles based on the QSE. The EPR experimental results
e H : L of Monot et al. [53] in silver at 77K (kT' 7 x 10~3¢V)
' N e == are consistent with the the_ory Which predicts aline width
| I T ] 11 of the orderhiw/7,0 and line shifts toward lower fre-
s >~4’ N e quencies by the same amount. We noted that the elec-
s EENEEyas=Scmamum 1 e tron spin relaxation time, taken to be proportional to
T AHPT is found to be 108sec. This value implies that,
as far as nuclear relaxation is concerned, the electrons in
Figure 6: Stdeband signals of protons in water |Ight|y dopeleth Sma” partlcles are at thermal equ”'bnum as Compared

manganese ions. The figures in the right side of each trace atee . . . .
modulation frequencies. \t/)wtlrll the excited nuclear ensemble. Such is the case in
UlK.

(b) The increase of the electronic relaxation time pre-
dicted by Kubo and by Holland [54] and realized by
the freezing out the electron-phonon interaction in small
particles had not been observed in the three metals stud-
ied |50, 55/ 56] namely, copper: (1=3/2), sodium (I=3)
and lithium (1=3/2). The failure to see an increase of
Ts suggests the existence of some type of mechanism
which broadens the electron levels enhancing the relax-
ation process even above the bulk. We briefly mention
research in three other areas.

Calibration of H, (=1000 meter units)

6 v, =3.7979 Mc

d% 10 (cm)
S
T

(791 Hz)

0 o o 30 (c) The enhancement of the specific heat in the range
£ 107H) of 1.5-15K in indium and lead small particles due to
: : _ the low frequency surface-phonon modes has been dis-
Figure 7: Plot of the square of the distance between resonaas in
distelled water O nd in heptane with Aluminum small particles | _Cuslsed [8] The atoms at the surface ar_e less bound than
versus modulation frequencies. Intersection of line with brizon- inside atoms and thus can have larger displacements and
tal axis is (vH1 /2m) lower frequencies. The results appeared to be consis-
tent with estimates of the low-frequency cutoffs in the
tron bath. This process is determined not so much by phonon spectrum caused by the QSE. Nonnenmacher
the statistical distritution as by the large electronielev [9] explains the enhancement of the specific heat using
spacing in small particles which does not allow energy the asymptotic behaviour of the specific heat formula
conservation. Table Il lists relevant parameters, in the in the limits of high and low temperature and Kenner
samples studied. The number of electrons in a small and Allen [13] determine a corrected density of states

particle may be even or odd. The thermodynamic prop- by considering the effect of the surface.
erties are predicted to be different for the two cases. The

thermodynamical description is further complicated by (d) Meier and Wyder [7] found that the magnetization
the fact that in a given ensemble of particles the energy of small indium particles saturates at low fields. The
level distribution in each patrticle is expected to the dif- effect cannot be explained using the QSE as developed
ferent due to their different sizes, shapes and surface by Kubo.
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I+ < A

S
Increasing H.

/ Small Particle

Figure 8: Tracing of dispersion signals in lead and aluminum
bulk and small particles (S.P.), showing a shift in the posion of
the peak.

Dispersion Signal (arbitrary units)

NMR Studies

All NMR experiments in small particles have been per-
formed in copper, Aluminum and lithium perhaps be- , ,
cause of the large signal-to-noise ratio and relative ease 0 ' 0.19 ' 0.38
of producing small particles of these metals. H1 (gauss)

(@) Pgak-to-peak line width Hpp in _Al small particles Figure 9: Saturation of aluminum lock-in signal in bulk and small
was independent of temperature in the range of 1.4 - particles. Units are not the same for both curves.

4.2°K [19].

a shift in the resonant positions as compared with the
(b) The intensity of the resonance signal decreased with same nuclear species in a non-metallic sample. The
a decrease in particle size and temperature. Between lejectron polarization is temperature independent so the
and 10°K the intensity is linear on a log-log plot for the  shift is also temperature independent. According for the

two variables. Knight shift [57],

(c) In particulate, Aluminum T decreases in the range

1.5-4.5K andincreases for T < 1°%K as compared to _AH _ 8w 2

bulk Aluminum. K = aHofy, = 3 Xe [¢r(0)] (14)

(d) T1 in copper was found to decrease between 1 and
4°K [23]. Two components of the relaxation mecha-
nism were found. One was temperature dependent such
that T, T = 1.27seeK, the bulk value , and the other was
temperature independent increasing in magnitude as the
particle size decreased.

(e) Line width in Cu done at 1.4 and 4R showed an

wherey. is the macroscopic susceptitility per atom per
unit volume of the conduction electrorig.- (0)|* is the
electron probability density at the nucleus for all elec-
tronic states at the Fermi surface. If we combine the
expression forl; ' (Eq. 2) with K we obtain the so
called Korringa relation [58].

increase ofA Hpp with increasing magnetic field, de- 2
. . . T 2 _ /Ye
creasing temperature and decreasing particle size [21, KT = 12 (15)
3.124]. n
The Surface Effect The Korringa relation is independent of the electronic
. ] . structure. The effect of the surface on the NMR results
Theoretical Considerations in small particles was first investigated by Charles and

Harrison in 1963|[14]. They developed a model based
on the picture used by Blandin and Daniel/[59] to ex-
plain the variations in the Knight shift and troadening of
the resonance lines in alloys. Blandin and Daniel find
that at low concentrations, the relative variation of the
Knight shift is proportional to the amount of dissolved
atoms, whereas the broadening increases as the square
Before discussing the process of relaxation in metals, of the concentration. The effect of introducing a sur-
the Knight shift must be considered [57]. The nuclei face is treated by considering a semi-infinite medium
in the metal see an extra magnetic field 4Ho due to the and computing the fluctuations, (x,er) in the den-
polarization of the s-electrons which have a large prob- sity of electrons per unit volume per unit energy eval-
ability density near the nucleus. This extra field causes uated at the Fermi energy. The computations are based

In discussing the QSE no consideration was given to the
presence of the surface except for the boundary condi-
tion effect on the electronic wave functions. The exper-
imental results seem to indicate that one cannot avoid
including this important physical characteristic of small
particles which, clearly, is difficult to deal with.
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Figure 10: Absorption signals in Aluminum bulk and small particles, H; = 38 mgauss. Modulationfrequenxy is 13 Hz. Resonance frequey
3.7979MHz. Sesitivity of lower trace is 5/2 of upper trace. hitegration time constant is 10 seconds.

on the free electron model but normalized to the unper-
turbed density, (x,er). The nuclei form a lattice at
positionsz; which take the values a, 2a, 3a, For a
semi-infinite medium the authors imposed that the wave
function vanished at x=0. The probability density due to
a single electron is proportional tan2k,x, wherek,

is the x component of the wave number. The charge
density averaged over the Fermi surface is

p(x,er) = po (1 —sin2krz/yy, )

where p, is the electron density per unit volume and
energy at large distances.

Thus

6P (I’, 5F) — _posin 2kF$/2kFx

The Knight shift was then defined as

K= Zép(m,ep)/z:po (x,€r)

and the line brodening as the mean-square deviation of
the density evaluated at the nuclei,

S

The sums were calculated over all planes i. Charles

> lop (xng)|2 —>=:0p
Zi Po (ma EF)

(x,EF)|2} »

NMR Studies

(a) Charles and Harrison tested their model of a distri-
bution of Knight shifts in lead small filaments, since the

extra broadening of the linfAH? — AH? (bulkz)}l/Q
was attributed to this distribution it should vary linearly
with the external field. They found a rough linear rela-
tionship.

(b) The work in copper by Ida [24] reported a linear re-
lationship between the extra broadening and the field for
particle diameters tetween 70 and 600Aand fields below
6 Kgauss. For 70 and 100Aparticles the linear relation-
ship extended to 15 Kgauss. The saturating behaviour
of the line width at large fields for larger samples sug-
gested that the absorption lines were composed of two
lines; one due to the distribution of Knight shifts and
therefore field dependent and the other independent of
the field [24].

(c) Ido also found a line width which varied as the in-
verse square root of the particle diameter, in agreement
with the Charles - Harrison surface treatment.

(d) The third effect found was the broadening of the line

in Aluminum. Using a 90-7-40° pulse sequence and
observing an echo Dowley [17] found that the broad-
ening was of quadrupolar origin and not magnetic. The
quadrupolar broadening was small (0.35 gauss) but, since
it was assumed to be caused by the distribution of Knight
shifts the effect should have been small in Aluminum
where K=0.16%. The electric field gradient in Alu-
minum small particles was found to be an order of mag-
nitude larger than in the bulk. The experimental field
gradient agreed fortuitously well with the calculated alu
The agreement gave strong supportto the proposed mech-
anism of broadening.

and Harrison reasoned that the broadening was caused(e) We finally discussed the Knight shift measurements

by the long range electronic charge fluctuations at the
surface of the particle which caused a distribution of
Knight shifts. These shifts, however, were too small to

at low temperatures. Fujita et al._[19] found that the
Knight shift in Aluminum small particles was indepen-
dent of particle size and temperature. On the other hand,

be observed. The data supported the model; broadeningKobayashil[29] repoted a marked Knight shift change

was field dependent indicating that Knight shift effect
and the broadening varied inversely with the square root
of the particle size.

in small particles as a function of size and temperature.
The shift approached zero as the temperature was low-
ered below 4.2K and as the particle size decreased.
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T Vo AHpp g(0) Hi TixP T, TSP /TB K K
°K  MHz gauss msec  mgauss msec msec 1 /Ty % %
27 B 8.62+0.10 17145 0.78£0.14 0.162,
Al Sp 300 3.7979 8.35-0.20 0.290 1905 4.85:0.70  6.00:0.04., 0.66+£0.14, 0.172 0.01
or B 2.05£0.20 660+7 124y
PK? Sp 77 3.7979 254035 0.28 584L5 0.45+0.09 0.38) 1.58+0.26 126 0.02
0o B 1.25£0.10 192E12
Ag Sp 300 2.2900 1,610 20 21612 1.65+0.50
Table 3: Experimental results.
the dispersion derivative peaks (see figure 9). Table IlI
5L o gives two values of the Knight shift,
Pb \
£ K = {(H, - HS*'T) /HIAETY100%  (17)
5 -
% Bulk calculated using the literature values|[52] of the bulle
s shift given by:
£
Z 2
= Aluminum 0.162% Lead 1.24%
5 |
‘2 - - — = — - and the measured relative shift defined by
Rel < I
s 7 Small Particles s sp B
5.1 Y K%=K _K (18)
<o /
< y Aluminum
s L L : The aluminum samples were run at room temperature
0 048 (gauss) 0.96 (300°K) and a resonance frequengy/ 2 = 3:7979MHz.

Figure 11: Typical saturation curves in lead bulk and small pr-
ticles. Ordinate is the peak-to-peak absorption derivatie. Units
are different in both figures. Arrows indicate maximums, thar
averages are given in the text.

T, was determined by the Goldman method of satu-
ration of the dispersion derivative under fast modula-
tion conditions and slow scan. The frequency of mod-
ulation wasv,,, = 400Hz and its amplitude H = 1:75
gauss.. The scan speed was 0.2 gauss/min with an in-

Both studies were performed in the temperature range tegration time constant of 10sec. These values Satisfy

between 1.0 and 4°K.

Experimental Results

The S/N ratio determined the type of saturation method
used to obtain T1 and the ratio of relaxation times be-
tween the small particles (SP) and bulk (B) samples,
TP /TE. The NMR measurements on the various sam-
ples of a specific metal were made under identical ex-
perimental conditions to reduce error in the relative val-
ues of the relaxation times. Absolute values gfilere
found only for bulk aluminum and lead using the g (0)
value calculated from Eq. 4 and Eq. 10. The ratio of
relaxation times vas determined using Eq. 11, from

(16)

T e = (17 ) (SHE ez,

where H was determined from the maximum of the sat-

uration curves (see Figures 10 and 12) and the average

value of H from several curves is given in Table III.

Rough values of the Knight shift were also obtained for
aluminum and lead by recording the displacement of

the Goldman conditions (Eq. 9). Figure 10 shows a
saturation curve for the two samples. g (0) was deter-
mined by integrating the integrated absorption deriva-
tive (Eq. 10). The experimental conditions wets;,

=13 Hz, H, = 1:4 gauss, scan speed 1.01 gauss/min,
integrating time constant 30 sec; H 0:019 gauss. The
line widths used to determine the ratio T$P” /T =
(AHE,/AHEE) were measured from the curve shown
in Figure 11 taken under the same conditions as those
used for the g(0) determination except that#0:026
gauss. The ratio of relaxation times was compared with
the value obtained by Kessemeieri[49] in the same sam-
ples using the pulse technique (see Table III).

Lead

The lead resonant isotope b occurs with a natu-

ral abundance of only 21% and, therefore the best re-
sults were obtained by conducting the measurements
at liquid nitrogen temperature using the saturation of
the absorption method. The resonance frequency was
3.7979 MHz. The modulation,,, = 80 Hz which satis-
fiesw,, 71 ~ 1 and notw,,T7 << 1 over the ratio of

SP to BT}.S should not be affected. The experimental
conditions for recording the atsorption derivatives were
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vm =80 Hz, H, =1:0 gauss, scan speed 2.9 gauss/min Spin- Lattice Relaxation Time
with an integration time constant of 10sec. Figure 12
shows a saturation curve for each sample. We did not
plot the absorption peak in order that we could obtain
a better relative value of relaxation times avoiding the
double integration of the shape functions.

We have found, for the first time, an increase of the nu-
clear spin-lattice relaxation time;Tin small particles

of the spin 1/2 metals lead and silver over their respec-
tive bulk values (Table 3). These results are interpreted
in terms of the quantum size effect predicted by Kubo.

The line widths were determined from Figure 13 under h€ average energy level spacingsm small particles
the following conditionsv,, = 80 Hz , H,, = 1:0 gauss become comparable to or exceed the nuclear Zeeman

scan speed 0.24 gauss/min, integration time constant of N€rgy and thus the nuclear relaxation via the conduct

100sec and, H= 0:072 gauss. ion electrons may be inhibited. These results suggested
then that the broadenimyF of the electronic levels was

Silver not as large as the average level spacirig spin 1/2
particles.

Preliminary runs were made in A§ SP. The linewidth  However, the relaxation time;Tn aluminum (spin 1=5/2)
measurements were taken from Figure 14. Approximate small particles decreased, Was measured on the same
results were obtained by using the Goldman methad [46] aluminum sample by the saturation method and by the
atv, = 2:2900 MHz and room temperature. The satura- pulsed technique [60]. The;Tvalues obtained agreed
tion experimentwas run under the following conditions:  within experimental accuracy. The decrease of T1 with
vm =80 Hz , H, = 2:0 gauss which is an order of mag-  decreasing average particle diameters in aluminum at
nitude larger than the line width given in the literature 30(°K agrees with the reported results in aluminum
[53] and therefore does not satisfy the first Goldman and copper in the temperature range 1.0 f@r which
condition ( Eq.9 ). The scan speed was 0.18gauss/min the broadening\ E is smaller thard and which we esti-
with an integration time constant of 100sec. The sat- mate for our aluminum Samp|e to be one order of mag-
uration value of H in bulk and SP is given in Table  njtude smaller thas (Table I1).

II. The line width measurements (see Figure 14) were
taken withv,,, = 40 Hz , H,, = 1:1 gauss, scan speed
7 x 102 gauss/min with an integration time constant
of 300sec and IH= 0:28 gauss. We note the shift to-
wards high fields of the SP line with respect to the bulk
as in the case of lead. No value was quoted as the un-
certainty was too large. The data for all three metal
samples studied are summarized in Table 3. The un-
certainty quoted for the rati®;’" /T 7 was the relative
uncertaintyy R/ R calculated from Eq. 16,

It is our contention that the decrease of the relaxation
time in small particles of aluminum as compared to the
bulk was caused by the quadrupolar interaction which
only exists in materials with nuclear spin larger than 1/2.
There are two possible contributions to the relax at ion
process via the quadrupolar interaction; one due to the
conduction electron density and another due to the ionic
charges. The latter couples the nuclear spins to the lat-
tice vibrations and is considered to be negligible in bulk
metals|[61]. But in small particles it could be enhanced
by the increased lattice spacings at the surface and by
_ pSP, . (SP 2 sp surface phonons. In this case it was expected the relax-
R="1"frp = (Hl /HlB) (AHPP/AHEP) ation time to be temperature dependent in contradiction
to the temperature independent component;ofolind
for the worse case, that is in copper([28] in the temperature range 1.0 °K2The
paramagnetic oxides are suggested to be the cause of the
T component through the diffusion process. This tem-
perature behaviour also contradicts the conclusions of
Mitchell [62] for relaxation in metals.

SR 5 (5H13 5H15P> SAHE, O0AHZE

R "\ HE " HSP AHB AHSE _ _ :
! ! PP PP To explain the discrepancy between the experimental

value of T; in aluminum and the larger theoretical value

Note that the H values give the largest contributions to  obtained by considering only the contact part of the hy-

the uncertainty. perfine interaction (s- component), the effect of the non-
contact part by the addition of a p-wave component to
Interpretation of Data the electron wave function was included and also con-

sidered the effect of the quadrupole interaction due to
The discussion of the theoretical and experimental re- the conduction electron density. Itis believed these modes
sults reported prior to this research points to complex of will shorten the relaxation time in aluminum one may
the description of physical processes in small particles. write
We divide this section into five topics, relaxation time,
line width, Knight shift, broadening of electronic lev-

els and intensity. The latter is included to substantiate AT = (TllT) + (TllT) +
our interpretation although we did not take any intensity HYP(S) ?YP(P)
data. (TlT)QUAD
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Figure 12: Absorption signals in lead bulk and small particles. H; = 0:72 gauss. Modulation frequency is 80 Hz. Resonance fre-
quency3.7979 MHz. integration time constant is 100 sec.

Knight Shift
Agmg

We have only rough estimates for the Knight shifts (Ta-
ble 3) in Al and Pb. The direction of the shifts is in
agreement with the Korringa relation; the Knight shiftin
Al small particles moved towards larger magnetic fields
as compared to bulk samples. Recall thatT,T =
constant; therefore in Al T, should decrease as mea-
sured. In Pb we found the opposite effect, K decreased
suggesting an increase of With respect to the bulk

as measured. Figure 14 shows a displacement of the
small particle line towards lower field but no measure-
ment was taken due to the small signal-to-noise ratio.
These measurements were taken at°80fbr Al and
77°K for Pb.

Small Particles

modulation7
-—>
1,1 gauss Y BUIk

Increasing Ho

Figure 13: Tracings of absorption signals in silver. H = 0:28 Broadening of Electronic Levels
gauss. Modulation frequency is 40 Hz. Resonance frequency i

2.2900 MHz, eed 0.07 g/min. Integration time constai . .
300 sec. & Scansp gimin. nfegration fime consi The QSE would be masked if there is a broadeniig

of the electronic levels which would exceed the aver-
The two last terms give comparable contributions to the age energy level separatién There are several mech-
relaxation mechanism, the contact part still being the anisms responsible for broadening of the electronic lev-
dominant term. Mitchell concluded that even in alu- €ls in bulk metallic samples. We may obtain an esti-
minum bulk samples at room temperature the non-contactnate of AE by using the Heisenberg uncertainty rela-
and quadrupole couplings may contribute as much as tion AE > h/7 , which gives a lower limit oA E
20% to the value of the relaxation time. We expect that wherer stands for the life-time of the spin state as de-
in aluminum small particles the contribution due to the termined by the various interactions. Elliot [63] pointed
quadrupolar interaction will certainly be larger since the out that the dominant interaction contributing to elec-
electric field gradient will increase by as much as one tron spin relaxation is the electron-phonon interaction

order of magnitude. via the spin-orbit coupling. .He found that the electron
spin-lattice relaxation time, could be related to the re-

Line Width sistivity relaxation timerp by the approximate expres-
sion

The introduction of the quadrupolar interaction agrees

with Dowleyt's experimental result of quadrupolar broad-

ening in Al small particles. He found that the electric Ts ~ T/(ag)?
field gradient in Al small particles was 10 times larger

than the one produced by strains and dislocations in the whereAg is the electronic g-shift which is determined
bulk. The small broadening (0.35 gauss) reported was by the spin-lattice coupling and the band structure. In
explained by the small Knight shift in Al. We note that metallic particlestr can be estimated to b® /vr ,

the line widths reported here are the peak-to-peak val- where D andr are the diameter of the particle and the
ues. The values of the line widths in Pb reported by Fermi velocity of the electrons (5). The value quoted in
Charles and Harrison are larger than our values by a Table Il was obtained with, D/vr (Ag)?. No value
factor of 2. This suggests that the larger values were could be given for 1ead since has not been deter-
caused by modulation broadening. mined. However, Holland showed that the electron-

(19)
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phonon processes are quenched in small particles be-Intensity

low a certain critical diameteD.. There should be con- ) ) ] ]
tributions from electron-phonon processes involving a The decrease of the intensity of the resonance line with
change in the electron energy¥ > vy /mv,, where a q_ecrease of the aluminum particle size reported by
v, is the sound velocity and N the number of unit cells Fujita et al. was observed by Kessemeler [49]. The
in a crystal diameter. Values obtained for the critical €Xistence of a large electric field gradient in the small

diameters in the metals used in his investigation are: ~ Particles could cause the reduction of line intensity. Fu-
jita observed a decrease of intensity and did not report

a broadening of the lines as the particle size decreases.

aluminum 560 A This effect was similar to the second order quadrupole
lead 1200 A effect seen in alloys [61] where the intensity of the cen-
silver 730 A tral line decreases as a function of solute concentration

and no broadening of the line occurs. If broadening oc-

cured the decrease of intensity was assigned to the first
These values are well above the average particle diam- order quadrupole effect which appears for field gradi-
eters our samples. The contributions to the relaxation €nts strong enough to broaden the satellites beyond ob-
from electron-phonon interactions where the electron servability and yet not sufficiently strong to split the

energy is unaltered are determined by ®v,7,. We central line[65]. There is not enough data available for
estimated for silver: D200A, and for aluminum: D numerical estimates of these effects.

400A. There was no reported value fqrin lead, when

this document was written. Conclusion

Multi-phonon processes could be effective in the relax- st present there does not exist a detailed dynamical the-
ation since, although being less probable than the one oy \yhich accounts for nuclear relaxation in small metal-
phonon type, their number is much larger. However the |ic particles. such a theory should predict, if not exact
one phonon picture is enough to adequately describe re-\5jes, the dependency of the nuclear relaxation time on
sistivity and has been assumed by Holland to describe characteristic parameters such as the shape of the parti-
the requatlon by the Elliot mechanism. In the absence cles, the type of surface, the surface to volume ratio, the
of multi-phonon processes one should therefore expect (e mperature and the value of the nuclear spin. Extrap-
an increase of the electron relaxation time64]. This olating bulk properties to small particles is clearly not
was not observed. Instead, decreases. permissible. In particular, the Korringa relation for bulk
metals must be modified. Comparison between relax-
ation time calculations and experimental results would
further be hampered by scattering in the particle sizes
as well as other parameters which would enter in the
calculations. To separate the magnetic from the elec-
tric contributions to T1 one could check on the ratio
(T7,' /T, .. = 2/7¢ of a metal with several iso-
topes. Ifthe ratio does not hold it would indicate quadrupo-

The preceeding discussion gives only a rough estimate lar which Obey_S(Tlal/lel)quad = Q2/Q; (6_1)' This

of the level broadening. There is a question of what résearch considered only one of the possible parame-
appropriater to use iNAE 1/ for small particles. tersinvolved in the smalll particle relaxation mechanism,
We cannot extrapolate from bulk data as shown by the namely, the value of the nuclear spin. An increase in the
work of Holland, that is, the electron-single phonon pro- rglaxatlon time was obtained, a quantum size effect pre-
cesses is found to be quenched in small particles. Ap- dicted by Kubol[2].

parently the estimates efand the corresponding broad-

We finally note that if we use for, in the calculation

of the uncertaintyA F, the measured values of, in

the metals for which there is available data we find that
in Ag AE 10-8eV for D = 10* A(64); in Li and Na
AFE 10 7eV for D = 100A(55); in CUAE 10 "eV

for D = 10* A(55). That is, we obtained a broadening
two orders of magnitude smaller than

eningAFE given in Table 2 are too high at least for spin References
1/2 metals as our results indicate; we found an increase o .
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