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LETTER TO THE EDITOR 

Evidence from NMR for temperature-dependent 
Bardeen-Friedel oscillations in nanometre-sized silver 
particles 
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t 1~tiD.U de Physique Exp?rk"tale, EMle Polyiechiqne FedMe de Lausanne, CW-1015 
Lausanne, Switzerland 
$ Institut de Chimie-Fhysique, &le Folytechnique F e d W  de Lausanne. CH-1015 
Lausanne, Switzerland 

Received 3 September 1993 

Abstract The abrupt discontinuity of the backgmund in the semi-iniinite jmium results in a 
decaying oscillatory (Bardeen) spatial response of the e l m o n  gas. Related phenomena are the 
Friedel oscillations around an impnrity in a metal. and the Rudermarr-Katel coupling bemeen 
WO localized magnetic moments embedded in a sea of conduction elect". We have found that 
the '*Ag ( I  = 4) NMR linewidth in nanometre-sized supparted (and therefore isolated) silver 
particles shows a size effect that may te due to Banken-Friedel OSCiflatiON. The linewidth is 
also t e r n p a "  dependent in a way that m o t  easily te explained as an effect of paramagnetic 
impurities: we suggest that thermal vibrations, known to have mmparatively large amplitudes 
in small panicles, wash out ihe abrupmess in the backgroundcharge discontinuity. and thus 
diminish the amplitude of the oscillations. 

The first discussion of size effects in NMR of metals seems to be that of Charles and Harrison 
[l]. They ascribe an observed broadening of the NMR line in thin filaments of lead to surface- 
induced spatial variations in the density of Fermi-level electrons, and argue that the Knight 
shift at a distance x from the surface, K ( x ) ,  should vary as sin(2k~x)/Zk@. A very similar 
phenomenon has been treated theoretically by Kautz and Schwartz [Z], who calculated the 
positiondependent electmn-spin susceptibility in a simple metal bounded by a surface. They 
too find Bardeen-Friedel [3,41 oscillations, with the asymptotic sin(2k~x)/2k~x behaviour, 
but seem to have been unaware of the experiments on lead NMR. 

Another line of research has been focused experimentally on NMR of copper particles 
[5,6,7,81, and theoretically on the quantum size effect for the susceptibility predicted by 
Kubo [9], and treated in more mathematical detail by Denton, Muhlschlegel and Scalapino 
[IO]. The corresponding NMR quantity is the temperature dependence of the average Knight 
shift(rather than the linewidth), given by the centre of gravity of the NMR absorption. In 
several cases, however, a temperature-dependent linewidth was found, and usually ascribed 
to extrinsic sources, such as (unidentified) magnetic impurities or (copper) oxides. There 
have been indications of a correlation between linewidth and particle size in other systems 
as well: in studies of superconductors [ll, 121 it has been dubbed the 'small-particle effect'. 

While m7Pb and 195F't have nuclear spin 4 and hence NMR that is sensitive to magnetic 
couplings only, both "Cu and 655cu have spin g, which makes the spectra sensitive to 
the electric field gradient as well. In cases where the magnetic Charles-Harrison effect 
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is important, electric chargedensity effects (nuclear quadrupole coupling) must also be 
important. Indeed it has been reparted that the linewidths do not scale with field in a simple 
way [7,8], indicating that there are both magnetic and electric (quadrupole interaction) 
effects. It is therefore possible that the NMR of copper nuclei in the suface region is 
completely wiped out 

King et a1 1131 have suggested that this is the case in their experiments on silica- 
supported copper catalysts, but Id0 and Hoshmo [6], working with unsupported and probably 
oxidized particles, think that there are magnetic effects in the surface layers. A further 
complicating feature of the observed copper lineshapes for small samples at low temperatures 
is that they show tails towards low field. This implies that the average Knight shift is not 
given by the frequency of the absorption maximum. 

The metallic properties of silver are not qualitatively different from those of copper. 
For NMR however, both "Ag and lWAg have the advantage of being spin-4 nuclei (and 
the disadvantage of a low gyromagnetic ratio). In bulk silver, the FWHM linewidth A H  is 
of the order of 0.75 G in a 7 T field this gives A H / H  = 11 ppm, compared to a Knight 
shift of K = 5200 ppm. For copper, the corresponding figures are A H / H  = 120 ppm, 
K = 2500 ppm. It follows that, apart from sensitivity problems, silver is the better choice: 
magnetic effects are expected to be larger than in copper, and electric effects absent, unlike 
in copper. We have studied the lWAg NMR alumina-, titania- and silica-supported silver 
particles, prepared by several different wet-chemical methods. Their loadings were between 
1 and 10 wt%. An average particle diameter d was determined from the broadening of 
the (111) line in x-ray diffraction. Values of d range from 13 to 80 nm. The particle 
size distributions are not well known: electron microscopy suffers from very poor contrast, 
and only rarely have we been able to obtain usable micrographs. There are indications 
that the large reactivity of silver easily leads to strongly asymmetrical or even bimodal 
size distributions [14]. Transition metal impurity levels were below our detection limit of 
50 ppm of sample weight for each element. The NMR experiments were generally performed 
in 7 T or 8 T fields, and sample temperatures ranged from 15 K to 400 K. The spin-echo 
amplitude (the integral of the absorption lineshape) followed Curie's law, indicating that 
the same number of silver atoms were seen at all temperatures. 

All NMR lines are symmetrical, and their centre is at the bulk metal resonance position. 
The spin-lattice relaxation time TI has the bulk value as well. The widths of the lines are 
dependent on field, temperature and size. The full lineshape (which is neither Lorentzian 
nor Gaussian) scales linearly with field when going from 4 T to 8 T; at fixed field the 
lineshapes observed at 80 K and at 20 K differ only by a scaling factor; the latter, however, 
is not 80/20 (as expected for a Curie law broadening mechanism) but approximately 1.6 
(slightly sample dependent). It follows that the linewidth does not scale as fieldhemperatwe 
(see figure I), as expected for paramagnetic-impurity broadening in the dilute limit. If we 
try to fit the temperature dependence of the linewidths to a Curie-Weiss law, the Weiss 
temperatures must be between 40 K and 100 K, which would require impurities at the 
metallic percentage level [15]. The '07Pb linewidths observed by Charles and Harrison [ I ]  
(probably at room temperature) scaled with field, and were of the order of 55C-lo00 ppm 
(the average Knight shift K was that of the bulk, K = 14700 ppm). In terms of IinewidWK 
this gives 0.04-0.07. For comparison, our 13 nm sample has, at room temperature, A H / H  
= 0.025; but at 20 K it is more like 0.15. 

At constant temperature, the linewidth decreases with increasing diameter d :  it goes 
not slower than d - ' ,  and not faster than d-2 (see figure 2). In the Charles-Hamson model 
[l], the second moment of the line AG* is proportional to the inverse of a typical particle 
dimension. It is not certain, however, that the square mot of this quantity is a useful 
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Figure 1. Linewidths AH (full widths at half maximum m M )  of '09Ag NMR in two samples. 
as a function of temperature. The unit of linewidth is the bulk Knight shift K (5.215 x 
relative to the Agf ion at infinite dilution in H20 at 300 K, deereasing slightly towards lower 
iempenmre). The typical particle dameta d as determined by broadening of x-ray profiles ix 
0,d = I3 nm: A,d = 80 nm. 

measure of the liewidth: using their model to calculate the fourth moment AG4, one finds 
that AG4/(AG2)2 increases as d. Therefore the moments of the l i e  are mainly determined 
by the wings of the signal, and the FWHM linewidth is expected to vary faster than d-lI2. 
A rough estimate may be obtained as follows. The calculation by Kautz and Schwartz [2] 
indicates that for silver (electron density parameter r, = 3) the relative shift of the NMR 
frequency of surface atoms (with respect to the bulk) might be as large as 40.15 (of the 
order of A H / K  for our smallest sample at low temperatures). In the 7 T field, this amounts 
to 70 times the WHM linewidth of the buk, we put the observed linewidth proportional to 
the fraction of nuclei that have their resonances shifted outside the bulk linewidth. Using 
the asymptotic relation 

these nuclei are found to be in the ten atomic layers (2.84 nm) closest to the surface. In the 
largest-sized sample, the fraction of atoms in this region is about one tenth: in the smallest 
sample it is five times larger. The observed linewidth ratio is ten, in sufficient agreement 
with this rough estimate. From this estimate we expect the linewidth to decrease as d-' for 
diameters large compared with 5.7 nm. 

In the studies of copper NMR, it has been proposed that the observed temperature- 
dependent magnetic broadening might be due to copper oxides [6,7]. We have chemisorbed 
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Figure 2. Linewidths AHfK (units as in K p  1) as a funition of the typical particle diameter 
d ,  determined hom broadening of x-ray profiles. The lines have sloper d-' and d-'. We suggest 
ulat for large-sized samples. with c o m p b l e  skdisuibution functions, the experimental points 
should follow a d-l relalion, and that the scatler is due to 'unliie' size distributions. 

a monolayer of oxygen at 450 K on the 20 nm sample, and found no observable change 
in the NNIR behaviour. A similar observation has been ma& for copper [13], using NzO 
adsorption and reaction. In the IoPAg NMR study of supported catalysts by Plischke er d 
[14], a resonance has been found only when particles larger than roughly 50 nm are present 
in the sample. Oxygen adsorption broadened the lines in highly loaded Fe-doped Ag/SiOz 
catalysts, but did not affect the linewidth in undoped Ag/AI*Os with loadings comparable 
to those we applied. At room temperature, all linewidths were comparable to those of the 
bulk. A determination of TI at 173 K is reported, but the linewidth at that temperature has 
not been stated. 

The phenomenon of size- and temperaturedependent magnetic broadening of NMR lines 
in noble metals, and perhaps also lead and tin [ll, 121. but not in d-band metals like F't 
[16,17], therefore might well arise from intrinsic properties of small particles; certainly 
extrinsic sources of broadening have never been clearly identified The theoretical problem 
is that, while the Charles-Hanison-Kautz-Schwartz mechanism can at least qualitatively 
account for the size dependence, no alternative (with respect to the impurity hypothesis) 
explanation for the t e m p t u r e  variation seems to be available. For particles of the size 
used in our work, we do not expect electronic-shell effects to be important 1181. 

Our experiments on nanometresized silver particles show a NMR line broadening that 
is: 

0 magnetic in origin; 
0 symmetric about the bulk silvex resonance position; 
0 size dependent; 
0 unlikely to be due to paramagnetic impurities but nevertheless temperature dependent; 

0 at low temperatures visible in particles as large as 80 nm. 

The symmetric lineshape strongly suggests: 

and 
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a broadening mechanism that changes sign with distance (or orientation) fmm the 

a size dependence of the source on the surface: 
a temperature dependence that is sensitive to thermal motion; 
the observation in rather large particles that the range is fairly l&ge in terms of the 

lattice constant. 

The first two characteristics are those .of the Charles-Harrison-Kautz-Schwaitz 
mechanism, where the decay is inversely prOpoltional to distance, with a charactenstic 
length (2k~)- ‘  (0.04 nm for silver) and where the only possible temperature dependence is 
through Fermi surface blurring, which is a very small effect. 

Conceming the decay length, it is interesting to note that the reldon between 
composition and transition temperature of metallic spin glasses indicates an interaction range 
larger than expected from a (mean-free-path-conted) Rudeman-Kittel-KasuyaYoshida 
interaction [U]. This suggests that a more quantitative &tment of the IinewiiiWsize 
relationship than that given above might require a form different from 

source; 

The decrease of the linewidth with increasing temperature is not accompanied by measurable 
effects in the nuclear spiwlattice relaxation, as usually found in the case of ‘motional 
nanowing’ where each nucleus rapidly samples a variety of environments [19]. We are 
probably seeing here a magnetic and surface equivalent of the Bayer mechanism [20] for 
the averaging out of NQR frequencies through phonon-like motion. The mechanism in the 
present case would be a hluning, with increasing thermal vibrations, of the abruptness of the 
jellium background-charge cut-off leading to a more gradual transition, and an associated 
diminishing of the amplitude of the Bardeen-Friedel oscillations. Such an effect might be 
especially important in small metallic particles, where increased vibration amplitudes are 
seen in the Debye-Waller factor [21] and in a lowering of the melting temperature 1221. 

We thank R Thampi (ICP-EPFL) for important contributions in the sample preparation, and 
K Schenk (Institut de Cristallographie, Universie de Lausanne) for considerable help with 
the x-ray measurements. Professor M A Vannice is gratefully acknowledged for useful 
information conceming the work in his group, and P Ballone for clarifying discussions on 
jellium models. This research was supported by the Swiss National Science Foundation 
(grant 21-31 127.97). 
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