PHYSICAL REVIEW B 66, 125401 (2002

Temperature-dependent work functions of free alkali-metal nanoparticles

Kin Wong, George Tikhonot, and Vitaly V. Kresin
Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089-0484
(Received 22 April 2002; published 4 September 2002

Photoionization yields have been measured as a function of temperature for the alkali metals Li, Na, and K
in the form of free nanometer-sized clusters in a beam. The data can be fitted very well by a finite-temperature
Fowler plot, originally derived for bulk surfaces. The resulting temperature-dependent ionization thresholds
match precisely the literature work function values and are, within the experimental uncertainties, in agreement
with recent theoretical models for thermal shifts of the work function.
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[. INTRODUCTION fied particle source with a temperature-controlled nozzle to
measure the temperature dependence of the work function
Most introductory discussions of the photoelectric effectfor Li, Na, and K.
of metals do not pay much attention to possible variation of
the surface work function with temperaturé However, a
large number of tabulated work functions derive from mea- Il. EXPERIMENTAL METHOD
surements at room temperature or much highEne com- ) ) )
mon neglect of temperature effects is justified by the fact that 1he experiment is performed with a cluster beam appara-
they are quite small, since for most metals the Fermi temfus described in detail earli&t. Large clusters of lithium,
perature greatly exceeds the ambient temperature. Furthegodium, or potassium are produced by evaporating metal
more, it is not trivial to resolve such a shift, because both thérom a crucible and quenching the vapor in a flow of cold
experimental precision anab initio capability are typically helium gas. Nanoclusters condense in the aggregation
more coarse than the effect in questfori Nevertheless, the zone’® exit the source through a long nozzlength 25 mm,
temperature shift of the metal work function is an interestinginner diameter 2—3.5 mmand form a collimated beam in
subject because it concerns the interplay between structurttee flight towards the detector. In order to control their tem-
(e.g., phonon excitation, thermal expansion, mejtiapd perature, a cylindrical thermalization tube is added to the
electronic degrees of freedom, the behavior of surface potersetup as shown in Fig. 1. The tube, which is 17 cm long with
tials, etc. Furthermore, semiempirical theofiéSincorporat-  an inner diameter of 11 mm, attaches directly behind the
ing thermal expansion effects have made specific predictionsozzle. The temperature of the tube is controlled by electrical
about the magnitude of the effect in various metals. Accuratéeater coils and monitored by three thermocouples, ensuring
measurements of work functions as a function of temperaturaniform temperature distribution along the tube. It can be
are therefore quite instructive. maintained at any temperature between 300 K and 500 K
At the same time, such measurements are difficult bewith a less tha 2 K temperature difference between the
cause they impose very strict requirements on the quality anends. The geometry of the tube is chosen to obtain thermal
purity of the surface. For example, contamination, which it-equilibrium between the tube and the clusters. Similar con-
self is temperature dependent, can mask the effectructions have been used by other grdfipsand were
completely? The situation is especially challenging with the found to be adequate to control the internal temperature of
highly reactive alkali metal the clusters. For low-temperature measurements the heated
It has been demonstrated that accurate measurements tobe is removed, in which case the clusters retain approxi-
metal work functions can be obtained by studying free nanomately the temperature of the liquid-nitrogen-cooled nozzle.
particles rather than bulk surfac¥s*In our setup a beam Since the particles are heavy, they are not size selected;
of nanoscale clusteKseveral nm in diametgis generated in  the measurement is done on a relatively broad distribution. A
a metal vapor condensation source; the particles are ionizdthear Wiley-McLaren time-of-flight TOF) mass spectrom-
by near-UV light of variable frequency, and the resultingeter was used for an overall characterization of the nanoclus-
yield of positive ions is measured. This method takes advanter population. It also served to guard against the possibility
tage of the fact that the particle flight time in a molecularof strong changes in the particle size distribution in response
beam is very shortmilliseconds, and therefore surface con- to varying source conditions. The TOF spectra indicate a
tamination can be reduced to a minimum without a need talistribution with an average radius of3-5 nm (~2
resort to ultrahigh-vacuum surface preparation techniques. Ax 10°-3x 10* atoms) and a full width at half maximum of
the same time, the use of ion-counting detection ensures high 2 nm*€ This average size is consistent with an earlier in-
sensitivity. dependent measurement based on electron attachment cross
We have shown previoust§that with appropriate thresh- sections’* The measured size distributions did not change
old fitting, photoionization spectra of cold alkali give results upon removal of the heat tube; nor did it change when the
which are in excellent agreement with the literature values ofemperature of the heat tube was varied. This indicates that
polycrystalline work functions. In this paper we use a modi-the clustering process is already complete when particles exit
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the nozzle, as expected for subsonic quench-aggregatidiulk can be significantly affected by the choice of the fitting
sources. function®®
Once the clusters leave the heating tube, they undergo a A study of silver nanoparticle aerosols in gas susper§ion
2-m-long free flight before being ionized by monochromaticshowed that the photoion yieM was well described by the
light and subsequently detected by a Daly dynodeso-called Fowler laf?® for cold bulk surfaces:
photomultiplier ion-counting arrangemeit?®> The mono-
chromatic light is generated by a regulated 1-kW Hg-Xe arc Yo (hv— ¢bg)? 1)
lamp. The lamp output passes through a distilled water filter, ol
then through a monochromator which is adjusted to a band-
pass of 5 nm, and is finally focused onto the cluster beam by Here gy is the work function andh» is the photon energy.
a quartz lens. Only single-photon absorption is relevant unThis is derived by evaluating the flux of those photoexcited
der the present conditions. The ionizing light is chopped afonduction electrons whose kinetic energy of motion perpen-
147 Hz. The cluster ion signal is recorded by a multichanneflicular to the surface exceeds the work function threshold.
scaler which is synchronized with the light chopper. Surface curvature effects in large particles were found not to
The yield of positive ions is normalized to both the pho- be significant near threshofd. Subsequently, the particle-
ton and nanocluster intensities. Photon intensities are me&erosol_spectroscopy was extended to some other coinage
sured by a silicon photodiode which can be mowedsitu ~ Mmetals;” recently, we found that Eq1) also gives an excel-
into the photon-cluster interaction region. Three photodiodedent fit to the behavior of cold alkali nanoclustéfs.
with different manufacturers’ sensitivity curves were tested Since our focus here is on the temperature dependence of
against each other and found to be in good agreement ovée photoelectric threshold, it is now necessary to make use
the Wave|ength range of 350—600 nm. Cluster beam intensPf the full Fowler expression valid at finite temperatures.
ties were monitored by periodically recording the ion count-
ing rate while illutr;rlinating the beam by a broadband 100-W O K (T=308K) o :a g:szsg o ti g=g§§g
halogen light bulls: v K (T=328K) v Na(T=373 v Li(T=
Tr?e iog (or, equivalently, photoelectronyield curves ¥ K(T=353K) * Na(T=423K) L (T=413K)
were measured as a function of energy for several selecte
temperatures. Some representative curves are shown in Fi
2. In the next section, we discuss the procedure of determin
ing the ionization threshold from the data. '
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Ill. THRESHOLD BEHAVIOR %
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There have been only a few studies on the photoionizatior=>

behavior of free nanometer-scale particies:**?®and (as

in the case of smaller clustgrthere is no consensus on the
most appropriate method of determining the ionization :
threshold. The problem arises from the lack of a general K, i
theory of cluster photoionization and is compounded by ther-
mal smearing of the threshold region. As a result, a variety of
more or lessad hocapproaches have been used in the field, FiG. 2. Nanocluster ion yield as a function of photon energy for
including linear or exponential extrapolations and error func-.i, Na, and K at selected temperatures. The lines are smoothing fits
tion fits (see the references in Ref.)l4Jnfortunately, the to guide the eye. Solid, dashed, and dotted lines represent the high-,
value of the ionization potential and its extrapolation to theintermediate-, and low-temperature data, respectively.
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FIG. 4. The experimentally determined work functions as a
function of temperature. The solid straight lines are least-squares
fits. The dotted lines are extrapolations to the polycrystalline work
functions for bulk surfaces at zero temperat(iredicated by the
points on they axis) (Ref. 4. The marks on the axis indicate the
bulk melting point for each metal.

FIG. 3. Fowler plots for several selected yield curves. By vary-
ing ¢, to align the data with the universal Fowler functignthe
work function can be determined for various temperatgses text
for details.

When thermal smearing of the Fermi-Dirac distribution is
accounted for, the equation for the photoelectron yield gen-

eralizes to altered. Qualitatively, the reason is that all the large particles
in the distribution have the same threshold behavior, while
Y hv— ¢y the contribution of the smaller ones, shifted away to higher

ln('?z):Ban kT ) 2 frequencies according to Ed3), is suppressed by their

wheref is a known functiorf:?® smaller cross sections.

A plot of In(Y/T?) vs (hv—¢y)/kgT is known as a
“Fowler plot” and by a fit of the data to the universal curve IV. RESULTS AND DISCUSSION
one extracts the work functiog,.

Figure 3 shows a Fowler plot for some of our data on
alkali nanoparticles. The temperature is set to that of the he
tube. By varying ¢, to optimize the fit we obtain the
temperature-dependent ionization potentials and the es
mated accuracy of the fitted value.

Before presenting the results, we would like to address th
guestion of whether the shape of the yield curve may becom
tshe :%Lg?/n_d{/s\;eo r;?gdgyatgzl (\:ﬁ'l(;?i O%a][gflz E;?ngﬂg?glzoen O;ir;_surfaces with “patches”the data can be described in terms

tribution (considered to be a typical case for condensatiorPf _smgle effective work functions.n contrast, mi%ga_\rller
beam@?) with an average size of 3-5 nm and a width of Variable-temperature measurements on bulk alkalithe

~2 nm, as in the aforementioned TOF mass spectrum. Th ero-temperature work functions were significantly shifted

total photoelectron yield was calculated by convoluting the' O the accepted valugpossibly due to difficult-to-combat

size distribution with a size-dependent photoabsorption crostlsntawmrat'op tﬁﬁecfén)], altrzoﬂghf tr:e Lcei[ngeraturf i%rl\r/na-r
section and a yield function. For the latter, we used E&g. es were of the same order of magnitude as fou ere.

: . S . Note also that the weak temperature-induced work functions
with a size-dependent ionization threshols(R) given shifts were resolved quite reliably by the nanoparticle pho-

The measured temperature-dependent work functions for
ee nanoparticles of Li, Na, and K are presented in Fig. 4.
he lines are a linear least-squares fit. Note that the work
t[ynctions extrapolate precisely to the literature polycrystal-
ine bulk surface work functions at zero temperaﬁj‘reThis
'és the appropriate limit for the present case: the randomly
riented particles will present multiple nanoscale faces to the

ight beam. Hence, as in the case of polycrystalline bulk

1-33
by* toyield data. This attests to the fact that the study of free
e2 nanoclusters in beams offers a very accurate complement to
d(R)=¢otar, () traditional surface spectroscopy.

The plot also indicates the position of the bulk melting
where ¢, is the work function for a bulk surfac& is the  point for each metal. Within the accuracy of this measure-
radius of the cluster, and lies in the range 0f~0.32—-0.44. ment, no drastic changes were observed in either the work

The photoabsorption cross section was assumed to scallenction or the shape of the photoyield curve upon crossing
either with the surface area or with the volume of the parthe bulk melting temperature. This is in agreement with the
ticle. In both cases it was found that the shape of the phobulk alkali data of Ref. 35.
toyield curve in the threshold region was not measurably Figure 5 shows the slopes of the measugggT) lines
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107 function here arises primarily from thermal expansion of the
1 metal which results in a decrease of the electron density and
a concomitant change of the Fermi energy. While the theory
is partly phenomenological, it provides a good fit for most
metallic element¥*8and evidently identifies the main scal-

% 207 ing variables as far as the temperature dependence of the
D work function is concerned. Other theories incorporating
= s thermal expansion effect&°predict similar(slightly lowen
2 ) A @¢/AT slopes.
= | —®—Experiment: this work In summary, we have shown that photoionization spec-
< e :g: E;‘Zﬁ:;’f‘fe'}“[gff'[“] troscopy of alkali nanoparticles in a beam provides high-
| - %= Theory: ret.[7] ’*\\ accuracy data for the metallic work function and its tempera-
-3.57 b 4 ture dependence. The results provide motivation for studies
1 . . . of the influence of temperature on the phoionization spectra
Li Na K of smaller clusters, where thermal expansion has been pre-

FIG. 5. The slopes of the temperature variation of the workdiCted to have a stronger effect than in the bﬁlﬁ? and of

function over the measured interval compared with the calculation®articles composed of materials which exhibit measurable

of Durakiewiczet al. (Ref. 8, Kiejna et al. (Ref. 7), and the ex- chgnges in the work function ar]d photoyield at the melting
periment of Alchagirowet al. (Ref. 35. point (e.g., Sn, In, Ga, ett*). Since in smaller clusters the

temperature of the melting transition undergoes strong shifts

from Fig. 4 together with the results of an earlier measure@s @ function of siz& it is interesting whether photoelectron

ment by Alchagirovet al3® Also shown are the calculated yield spectra would behave analogously.
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