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Absolute separation energies for Na clusters
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Na clusters in the size range of 50—400 atoms are led to evaporate in a heat bath with controlled temperature.
For cluster sizes around closed shells, decay rates are determined as a function of temperature. For tempera-
tures below 357 K they all agree with an Arrhenius law and allow absolute separation energies to be extracted.
Separation energies are presented and compared to previously detefrelagde values. Enhanced shell
effects are observed in the heat bath experiments. Deviations from the Arrhenius law at intermediate tempera-
tures are discussed.

PACS numbd(s): 36.40.Qv, 61.46t-w, 36.40.Cg

I. INTRODUCTION bath are 10& 20 ms and 6&5 ms, respectively, allowing
The electronic shell structure of simple metal clusters Wasample time for several thousand evaporations with subse-
p ent reheating. The He flow velocity in the heat bath and

originally revealed in measurements of abundance spectra . . .
- o : ence the residence time are calculated either from the effec-
initially hot clusters evaporating in vacuu]. This type of . . . )

tive pumping speed or from assuming a Poiseuille flow

experiment has been dominating so far, but a quantitativ :
o o . rough the nozzle. The two methods agree quite well, as can
description of the evaporation is complicated by the fact tha N : .
e seen from the uncertainties in the residence times, reflect-

each individual cluster adopts its own temperature during theng the deviations in the two methods. As argued previously
process[2]. Successful efforts have been made to extrac

(relative cluster separation energies in a quantitative mann 5,6], heat conduction by He is very efficient and raising the
[3.4]. However, the shell effect is relatively weak in the cluster temperature from the 123 K of the source to that of

. L . : e thermostat only takes 3 ms.
spectra and quickly diminishes as cluster sizes increase. . .
! The mass spectra have been measured in two series of
has been a wish to be able to control the cluster temperature
: . o . half a dozen temperatures at the two flow rates. The lowest
during evaporation, for two reasons: firstly, by knowing the . :
. emperature is room temperaturé=296 K, at which no
temperature one obtains an absolute energy scale, thus o etectable evaporation occurs. At any of the higher tempera
taining absolute separation energies; secondly, by keepin P : y Y P

the temperature at an optimal value, shell effects are en- res evaporation is observed: a low-temperature rafige (

hanced compared to what they are in vacuum evaporations<.356 K) is defined when evaporation is occurring in limited

The separation energy for a cluster withatoms is defined mass regions only, a medium temperature range which is a

_ . S transitional region, while the high-temperature range (
asD(N)=E(N—-1)—E(N), whereE(N) is the total binding i . :
energy of cluster sizél (E<0). >367 K) is defined when all masses evaporate during the

In the present paper we report on clusters evaporatinées_:%enc\e/ tlmre'ti n of one atom leaves the remaining cluster
single atoms in an inert gas acting as a heat bath with the € evaporalion of one atom leaves the remaining cluste

temperature regulated by a thermostat. In the experiment W%older bty 30_1_1]0 K ft())r S|zeNt:1£LO, |t..e.,~k~)10|‘_>|/o dro”p n-
observe the abundance spectrafter the clusters reside in emperature. The subsequent reneating by He COIlSIons 1S

the heat bath. In a previous papd] we determined the very likely to be fast: at a_typical_ pressure of 5 mbar dnd

evaporation rate for a few, special Na clusters as a function_ 323Ka N_§49 cIu_ster collides with~5x 10° He atoms per

of the heat bath temperatuf® that experiment, together second. Th_ls implies that the _temperature of the daughter

with the present one, are further developments of the pre(-:IuSter of S'ZQ\I:MO comes within 0.4 K Of. the heat bath

liminary results of Chandezoet al. [6]. temperature in- 10 us, somewhat faster for lighter clusters.
The heat exchange using the molecular-dynamics simula-

tions by Westergreet al. [7] is discussed in Appendix A.

Il. EXPERIMENTS

. . . Ill. DATA ANALYSIS
The experimental setup has been described previously

[5,6]. The mass resolution of the time-of-flight spectrometer The raw time-of-flight spectra contain an intenslty,,

has been improved to obtain well separated mass peaks il + 1 in each time slot. The backgroumglg, is assumed

the size range considered, allowing for a precise backgroundithout shell structurgsee Fig. 1. The background seem-

subtraction. ingly increases with temperature at the position of the most
Two experiments with nozzles of 1.5- and 1.9-mm dia-intense peaks, but this is most likely due to resolution defects

meter are performed. The cluster residence times in the heat the foot of the peaks. After background subtraction the
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FIG. 1. Untreated time-of-flight spectrum. The closed shells are g
marked with the number of atoms. A background line is drawn. z
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distribution is converted to mass units and each peak is inte-  55g9 J e wﬁﬂwﬂw

grated to yield (N). A selection of mass spectra is shown in e
Figs. 2a)—2(d). The temperatures quoted are averages of the ]
three thermocouple sensors sitting along the center line of

the heat bath; they have uncertainties*o3 K. 20000} o~
7 *'\,\ a) 296 K
- .lj LA :
o "‘-‘4,.‘\_“
A. Low temperature 10000k ' R,
For T being sufficiently low, there is no observable evapo- // “M.w
ration during the time spent in the heat bath, i.e., the evapo- g
ration rate constant&(N,T), are negligibld Fig. 2(a)]. Rais- "% 150 200 250 300 350

ing the temperature in small steps eventually leads to a
measurable evaporation of the clusters with the lowest sepa-
ration energies, i.e., clusters just above a closed electronic FIG. 2. Mass spectra at four temperatuf@s296 K, no observ-
shell configurationN, [Fig. 2(b)]. At slightly higher tem- able evaporation(The reason for the depression arousie 141 is
perature more clusters aboW, evaporate, leading to an unknown; it is present at all temperatures and is assumed to have
increase of the yieldt the closed shell. At even more el- nothing to do with the heat bath, but rather with the formation
evated temperatures also clusters at and below the clos@ocess itself.(b) 328 K, only slight evaporatioric) 347 K, evapo-
shell begin to evaporafdigs. Ac) and Zd)]. ration in certain mass regions onlyl) 377 K, evaporation all over.

In order to obtain decay rates, it is necessary to make
some reference to the abundanpesr to any evaporations. Mmulated clusters at and beloMy. In other words, the inte-
Figure Za), properly normalized, represents such a refer-grated area fronN,, to N, between this reference and the
ence. Figure 3 shows the relative yields, where the referencgpectrum is zero.
spectrum has been divided out. At moderate temperatures The decay constants are found as follows: We begin at
when evaporation only takes place in certain mass region®y=Ny,;, descending; for the uppermost cluster sikg;,
where the separation energies are sufficiently low, one may
interpolate between regions where no evaporation has taken 3 1

Cluster size, N

place. In that process we are guided by the abundance curve 2| # }” T=377K
taken at room temperature where no shell structure is ob- . ‘\ i \ ptaatem, M M.f" m\ WJ
served. L

The low-temperature range is defined in such a way that
evaporation only takes place over a limited range of masses
aroundNy. In other words, there must be mass regiomih
high separation energiegrhereno evaporation occurs. We

2 o\ o
1 Prmeryt ’ W P N

Relative yield per mass unit

define higher and lower limit$\;; andN,,, above and below c J\W e et
Np, in such a way that there is only a change of the spectrum 1 Pofea et ey i
inside of these limits, either depletion or accumulation. Ini- ol - i

tially we interpolate betweeN,, andNy,; to produce a refer-
ence curve, i.e., the spectrum prior to any evaporation. A
condition here is that the summed amount of missing clusters FIG. 3. Spectra of Figs.(B)—2(d) normalized to Fig. @), the
aboveN,, due to evaporations, equals the amount of accuroom-temperature spectrum.

Cluster size, N
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showing deviation between the reference and the original Temperature (K)

spectrum, one is able to determine a decay constant unambi- 10,370 360 350 340 330 320 310
gously. The next lower sizé\,,— 1, has an intensity deter- ' ‘ e ' ' !
mined partly by th&€now knowr decay fromN;; above, and

partly from the decay to the next one beloM,—2. Thus, 8
the decay constant fd¥,;,—1 can be extracted. An analysis
like this, down through the chain, ending with,, allows us

N =94

to extract decay rates for this limited region. o ®
The method gives a full, systematic determination of ab- %

solute decay rate constants in a limited temperature range % 4

over larger size regions of clusters. Knowing the residence E 4q

time of the clusters in the heat bath, the rates convert into
(absolute separation—or dissociation—energies in terms of i N=152
the Helmholtz free energy. That these values are precisely
the separation energy, without any correction from, e.g., the
kinetic energy of the evaporated atom, is argued in Appendix
B.

This analysis is carried out for temperatures up to and
including T=368 K and results in an array of decay rates,
k(N,T). For each cluster size we are now equipped to pro-
duce an Arrhenius plot of lkversus 1T, see als¢5]. How- )
ever, in order to avoid some of the difficulties associated (K
with th_is procedure due to the narrow_temperature range, We i 4. Arrhenius plots for cluster sizé¢=94 and 152. Only
have fixed the preexponential factor Independently, maklnghe filled points are included in the fit. The slope yields a separation
use of vapor pressure tables for sodifi§]. For a recent energy ofD(94)=0.877+0.001 eV, with the error reflecting the

0.0027 00028 0.0029 0.0030 0.0031 0.0032

review on this subject, s¢®]. _ statistical uncertainty only.
A fit to the vapor pressure is given by the following equa-
tion: m and pg, the saturated vapor pressure of the solid at the
12423, corresponding temperature. We apply expresg®ro clus-
Psal P8 =4.752% 109ex;{ - Wj ters using Eq(2) for pgy and replacindd by the cluster
separation energl. This assumes a similarity between clus-
1.07eV) ters and bulk with respect to the thermal motion of atoms in
=4.752} lOgeXr{ - 7) (1) the surface region. For the spherical cluster surface area we
B

use the expressioA=47R?=47r2N?? with the Wigner-

The vapor pressure data used above deal with the erfi€itz radiusrg=2.1 A for sodium[10]. We finally get the
thalpy of evaporationH=E+pV, thusAH=D' with D’ expression for the evaporation rate of a cluster of dizat
=D+pV. With the big difference in the densities of con- temperaturer
densed and gas phase sodium, the last term can be approxi-
mated bypAV~pV=KkgT using the ideal gas law for the D+kgT
vapor phase. Introducing this into E€l) is equivalent to kaEXr{ G )
renormalizing the prefactor by a factorel/The bulk disso- B
ciation energy fitted from the vapor pressure tables conse- N23 1 D
guently acquires a small energy dependence but is to a good =1.44X 1015% —ex;{ - ﬁ) .
approximation given by the valu®,,=1.04 eV in the T € B
present temperature intervill]. The formula(l) then re-

writes The formula finally used here is

4

Dpuit kBT)

Psaf P =4.752¢ 1o9exp( T

rate expresses Figure 4 shows two examples of the Arrhenius plots; note

that the intercept is determined by the first three terms on the
right-hand side of Eq(4). The general picture is that the
points can be fitted with a straight line, albeit some of the
__ points for low masses and higher temperatures deviate,
where A is the area of the evaporating surface amd showing a smaller rate than expected from the fit. This effect
=(8kgT/m)Y2 is the mean velocity of the atoms with mass is discussed in Sec. IV.

k_A v
T2

KeT Psats 3
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As seen in Fig. @), at the highest temperatures eVapor‘,;‘_procedure .als.o.exhibits the st.ropg correlation gxisting be-
tions are taking place over the whole spectrum, and the prgWween the individuak values within a decay chain and re-
cedure used in Sec. Il A is not applicable here. On the othepults in arelative uncertainty of only=0.4%. When trans-
hand, simulations over all masses, using previously detefated to the ordinate of the Arrhenius plots the results can be
mined (relative) separation energig¢s] show that the flow of ~seen in Fig. 4. The final uncertainties in the separation ener-
evaporations down through the mass chainf@tseached a gies are indicated in Fig. 5. Concerning the assumption of a
steady state. This is confirmed by the observation that thetructureless background, mentioned in Sec. Ill, we estimate
observed abundance pattern varies strongly with temperahat the largest error this assumption can result it @1 in
ture. If secular equilibrium had been reached, the abundancésk, which is within the statistical errors, see Fig. 4.
would only change due to the small temperature increase The vacuum evaporation data from previous publications
involving the Boltzmann factor in a predictable way, and the[3] and the heat bath data from the present experiments com-
decrease of shell structure with increasing temperature. Nongare fairly well(see Fig. 5, bearing in mind that the former
of these effects can, in our opinion, explain the observationgye relative values, normalized to the liquid drop expression.
and we conclude that a steady-state flow has not yet beefhe heat bath data exhibit a steeper slope at the closed shells,
reached. possibly indicating a moderation of the shell energy at the
higher temperatures governing the vacuum evaporations
IV. RESULTS AND DISCUSSION [12,13.

In Fig. 5 are shown the separation energies determined in Above a certain critical temperature, the measured rates
the five mass regions that could be analyzed with the methot®r some cluster sizes diverge significantly from the other-
described above for the |0w-temperature da’fdne energies wise fitted straight line in the Arrhenius p|OtS. In the mass
are available in tabular form upon requgdthe figure also  region N=91-109 this temperature iB;~355 K. In the
shows the separation energies as determined in vacuurggionN=137-218,T.;~360 K and forN>256 we do not
evaporationg 3], normalized to the liquid drop separation observe any deviations, s;>370 K. AboveT,; we ob-
energies, given by11] serve a lower rate, as if the actual temperature of the cluster
were lower than that of the heat bath. This is not likely to be
due to an effect of the clusters not having sufficient reheating
time after evaporation; see Appendix A.

There could be two other reasons for the divergeKite.
where the two coefficients, the bulk cohesive energy and th&hat the separation energy varies strongly with temperature.
surface energy, are equal to 1.04 and 0.72 eV, respectivelyThis might, for example, be caused by thermally activated

The relative statistical uncertainties in the difference specshape fluctuations corresponding to a surface roughness, as
tra span values between 1% and 6%, averaging arouncbnsidered in Ref.14]. (2) That there is recapture of evapo-
+4%, highest for the low temperatures and for the low-yieldrated atoms by the clusters during their stay in the heat bath.
regions. We have estimated this by a Monte Carlo simulatiort high temperatures where many atoms are evaporated, the
by letting the intensities vary in a statistical manner and runconcentration of atoms can be so high that the recapture

2
D(N)=ay— gasN*”% (6)
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n

probability will significantly alter the abundance spectra.
+The,  (AL)

Both of these mechanisms do offer explanations of the de- Ta(n)=[Te(0) = Thpl X
viations in certain mass regions; however, they have to be
ruled out because they are at odd with the systematics with o )
respect toN. with T(0) as the initial temperature of the cluster just after
The fixed intercept at T=0 of the Arrhenius curves is an evaporationkg is the Boltzman constant, and is the
determined from bulk data as described in connection wittfenergy exchange constant for sodium, approximately
the derivation of Eq(4). As displayed by the examples in 31 ueV/K for the relevant temperature ranff5]. The fast
Fig. 4, this value of the intercept is reasonable. In principle €quilibration means that microscopic thermal equilibrium at
each Arrhenius plot allows for a fit of the data points deter-the macroscopically measured temperatig,, is assured
mining the intercept and the slope independently, that is¢ssentially during the entire residence time.
both the time scale and the separation enerdy, Since the We have looked into the question of the heat contact of
data only cover a narrow interval in inverse temperature, thé&lusters with the He atoms. The de Broglie wavelength of the
value ofw will suffer from substantial statistical uncertainty. He atoms at thermal energies is approximately 0.5 A, which
We find that the Arrhenius plots confirm the value of IS about a factor of four smaller than a typical length scale of
determined from the bulk vapor pressure to roughly a factoth€ clusters. Also, the thermal energy in the cluster is about a
of 20 up or down. factor of three larger than a typical energy scale, given by the
Estimates based upon harmonic vibrations in a crystal arPebye temperature. These two numbers demonstrate that the
found to yield a factor of 10 to 40 faster evaporation than theclusters are notin the limit of small quantum numbers, where
current value based on saturation pressure [@tdt would ~ We have to apply a quantal calculation. More specifically,
be interesting to see how cluster values for the time seale they tell that a He atom will be able to exchange momentum
compare to those of the bulk, and whether a deviation could & collision on an individual ion of the cluster, and that
shed light on the atomic motion in the cluster. However, withthere is a sufficient amount of energy states to absorb the

the present data the uncertainty is too large to address thfgomentum delivered. If the de Broglie wavelength had been
question. large compared to the length scale of the cluster, the momen-

tum of the He atom would be transferred coherently to many
ions, resulting in an elastic scattering on the cluster as a
V. CONCLUSION whole.

It has been demonstrated that it is feasible to perform These considerations have convinced us in a qualitative
evaporations from a beam of Na clusters at a well-known an¥/@y that a classical calculation of the type Westerberg has
controlled temperature. At several—moderate—temperaturd_%erformed is well justified. It should give a realistic evalua-
absolute separation energies are extracted and compared " of the scattering processes themselves and the associated
each other in an Arrhenius plot for each cluster mass. Aieat exchange. _ _
display of ground-state separation energies for extended Reheating and evaporation competes on the time scale
mass regions betweeN=90 and 370 is produced. The Where the evaporation ralg, is comparable to thénverse
causes for the deviations from the Arrhenius law at highef€heating time of the evaporating cluster. Foibeing the

temperatures are unclear, while several possible reasons g@llision frequency, we define the reheating timeas the
ruled out. time for the cluster to come within &/of the final heat bath

temperature.  Approximated, this is equivalent to
(7v)k/(3Nkg)=1, wheren is substituted by 7 in Eq. (Al).
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APPENDIX A: HEAT EXCHANGE RATE N= CU(T*;_ Tel) (A2)
The present estimate is based on molecular-dynamics N
simulations by Westergrest al. [7] who use a Lennard-
Jones potential for the exchange of energy between the cly@nd
ter and the inert gas atoms. The average temperaiy(e)
of a cluster aften collisions with the gas atoms is kny=w exp(—Dy/kgTg), (A3)
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where w is the (weakly-temperature-dependgritequency  These potential corrections are of magnitudg® and XgT
factor given in the main text. EquatidiA2) is the stationar- and within the precision of the experiment. Furthermore, we
ity condition for the cluster temperature where the temperadiscuss the effect of the excitations of the valence electrons
ture loss rate due to evaporatidqyDy/C, , is set equal to in the cluster. These questions can be answered by calculat-
the reheating rateT(,,— T)/ 7. These expressions are com- ing the rate constants within the detailed balafééeiss-
pared to a Monte Carlo simulation of the evaporation-kopf) formalism[16]. The rate constants are
reheating process and found to agree within 20% even for

the highest temperatures in the simulation wherg thg uncor- E-Dy 1/2P1(6)PN (E—Dy—¢)
rected heat bath ratdsg, exceed theinverse reheating time Kn f €

by a factor of 8, i.e.k,,7=8. At lower temperatures where Pn
the rate is close to the heat bath value, the effective tempera-
ture is very close to that of the heat bath and consequentlfpr the excitation energ§ and the fragment kinetic energy
Eq. (A3) can be Taylor expanded from its valueTat in the €. Some factors that are immaterial in this connection, mass,

de (B1)

small quantityTy,— Ty, etc., are omitted. We can integrate this rate over the equilib-
rium mother population with the proper canonical ensemble
Dn(Tho— Ter) weight given by pn(E)/Zy(T) ]exp(—E/kgT). Then
oo p(e)pn-1(E—Dy—e)
(A4) Ky f f et Nzl ™ N e-EleTdedE,
and solved with Eq(A2) to give to first order N (B2)
2 T

kn~Knp| 1+ kN—N (A5)  Where the integral to infinity is the ensemble averaging.

kgT2.C, Now, p; is proportional tae”2. Changing variables frorf to

) E—Dy—€ gives
The rate constants are therefore well approximated by the
heat bath values provided

K J’ JE Dn - 1(E-Dyn—¢€)
DIZ\IT N Dn—€ ZN(T)
hb 2 <l (AB) —(E-Dy—€)/kgTa— (Dn+€)/kgT
ks THeCo X @ (E-Dn=a)/kgTe~(OnTa/keTde d(E— Dy — €).
With Dy/kgTpy~30, 7=1.710°% s, andC,=300kg this (B3)

gives the limit
For all but the very smallest clusters, we can to a good ap-
Knp<<2x10°(s™!)  (for N=100). (A7) proximation set the upper limit of the integration on the ki-
netic energy to be infinity. Then we can change the order of

: - 13 ; ;
With the scalingreN™" and C,«N this result scales with a4 ration and perform the mother cluster energy integration

size as first. Integrating over the level density with the Boltzmann
2/3 factor simply gives the partition functiody_,(T) of the
Knp<<2X 10°(s™ 1) 100 (A8) daughter cluster at temperaturg
With the residence time in the heat bath of 0.1 s, this ky Zy-(T) o~ Ot lkaTge (B4)
amounts to a relative loss of atoms of Zn(T) Joy-e

AN/N=Kk;0.1(s)/N<900N /3, (A9) . , .
and then with a last integration

Even for the largest clusters investigatéts 400, this con-

dition is fulfilled since the number corresponds to a loss of Zn- 1(T) o kT

more than 125 times of the number of atoms in the cluster. KN ———— Zu™) T2e Pn/keT, (BY)
We therefore conclude that the reheating can indeed be con- N

sidered instantaneous. , N .
This result accounts for both the kinetics of the evaporating

atom through the factof? and the excitation energy of the
atom in the cluster through the ratio of the partition functions
Zn_1/Zy . The phase space of the free atom which gives an
This appendix explains how the slope of the Arrheniusaverage of I kinetic energy appears as the square of the
plot is related to the dissociation energy. The question isgemperature in the preexponential. The bound atom excita-
whether the kinetic energy of the evaporating atom enterion energy is in a similar way converted to the approximate
into the slope of the Arrhenius plot and similarly whether thefactor (hwp /kgT)® (wp is the Debye frequengywhich for
thermal excitation energy of the atom in the cluster doesour purpose is a sufficiently good approximation to the ratio

APPENDIX B: CORRECTIONS TO THE DISSOCIATION
ENERGY
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of the daughter and mother partition functions. Hence the Zy_y e Fn-i/keT
two corrections combine to give a preexponential factor of R =e (Fn-17Fr)/ksT, (B6)
(hw)3/kgT and thus do not appear in the exponent. Noooe TNTE

The electronic excitations play an important role by re-g, equation which has been derived previously in a micro-
ducing the magnitude of the shell struct{it&]. These exci-  canonical context18]. The free energy is defined having the
tations can be included by taking the ratio of the ground stateero at the electronic ground state of the specific cluster,
electronic partition functions of the two clusters. It gives Fy_,(T=0)=Fy(T=0)=0.
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