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Experimental specific heat of iron, cobalt, and nickel clusters studied in a molecular beam
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Specific heat measurements on free iron, cobalt and nickel clusters in different size ranges from 130 to 400
atoms are presented and the experimental method is discussed in detail. These measurements are achieved in
a Stern-Gerlach experiment where the magnetization of transition metal clusters reflects their vibrational
temperature. Hence, it can be used as a thermometer after a calibration procedure. The specific heat is mea-
sured by heating the clusters in flight with a laser. In the temperature range of the expé8es0 K, the
main feature of the specific heat of ji_,4o Clusters is a broad peak centeredrat 340 K which adds to an
approximately constant baseline of 6 ¢albl K). We attribute this peak to a ferro- to paramagnetic transition
since its shape and area are well described by the Weiss mean field model. The specific hegs 6f,Co
clusters does not show any prominent feature within the temperature range 80—900 K except a steady increase
from 5.5 cal(mol K) at T=300 K to 15 calfmol K) at T=900 K. In iron clusters, the specific heat exhibits a
peak which is poorly described by a Weiss mean field theory. Furthermore, the specific heat valug offe
clusters at room temperature is up to 50% lower than the Dulong-Petit value. We discuss the possibility that
iron clusters undergo a magnetic transition between a high moment to a low moment state, which have
different lattice parameters.

I. INTRODUCTION iron Curie temperatur€l043 K). Furthermore, iron clusters
in different size ranges exhibit a radically different thermal
The modifications to the properties associated with phasbehavior. For instance, iron clusters with 120 to 140 atoms
transitions due to finite size effects have promoted for manyave a qualitatively different thermal evolution compared to
decades extensive theoretical and experimental investigaron clusters with 250 to 290 atoms. In the former case, the
tions. 118 A large fraction of the theoretichl® as well as of magnetic moment is approximately constant g below
the experiment&f~*® work performed in this area has been 350 K and drops to about 0/Z5 at 700 K, to augment again
devoted to the study of the solid-to-sdffd and  slightly at higher temperatures. In the latter case, the mag-
solid-to-liquid®=>'2~* phase transitions in finite size sys- netic moment decreases continuously and smoothly with in-
tems. Investigations of second order phase transitions igreasing temperature up to 700 K, where it levels off at about
cluster systems, like the ferromagnetic-to-paramagnetiQ.4 ug. This value is much larger than the one predicted by
phase transitioft/*>~"are scarce and almost exclusively calculations of Heisenberg cluster spin systems at tempera-
limited to theoretical studies. In this case, Monte Carlo simutures above the transition temperaftifand more generally
lations of finite Heisenberg clustérgredict a rounding of the shape of the calculated magnetic moment curve also dif-
the ferromagnetic to paramagnetic transition as well as #ers radically from the experimental one. The nature of Fe
lowering of the transition temperature. These effects are dueluster transitions is a delicate issue. Guided by the complex
to the reduced coordination of the spins at the cluster surfacgkermal dependence of the iron bulk specific heat, it was
favoring larger spin fluctuations. In fact, the lowering of the suggested that a structural change drives the magnetic
transition temperature is already predicted in the simplalisorder'®
mean field pictur?’ where the critical temperature is di-  In the bulk, the specific heat is a powerful tool to inves-
rectly proportional to the coordination number. In addition, tigate phase transitions, since it exhibits large variations near
the spins at the cluster surface have larger amplitudes due twitical points. The energy involved in the second order tran-
their lower coordination. In the Heisenberg model, largesitions is experimentally obtained as the peak surface in the
spins tend to increase the transition temperature while thepecific heat curve. For instance, in bulk ifdrthe energy
reduction of the coordination acts to decrease it. Thusassociated with the magnetic transition at 10481830 cal/
Heisenberg clusters, with different surface to volume ratiosmol) is about 40% lower than the latent heat of fus{8803
might exhibit a thermal evolution that depends on a delicateal/mol) which occurs at 1811 K. Beside the magnetic and
balance between these competing effects. the melting transitions, bulk iron shows crystallographic
This complexity is reflected in the magnetic properties ofphase transitions, at 1185 K from bcc to fcc and at 1667 K
3d transition metal clusterS*" While in nickel and cobalt from fcc back to bce. However, the energies associated with
clusters with increasing size, the magnetic moments per atommese phase transitions are smaller than the magnetic energy:
as a function of temperature are found to converge to th@15 cal/mol for the former one and 202 cal/mol for the latter
respective bulk values, in iron clusters the magnetic momensne. Although iron differs from nickel and cobalt in its poly-
curves depart seriously from the bulk curve for all investi-morphic character, these two latter metals with a consider-
gated sizes. In iron clusters, the magnetic moment decreaseably simpler phase diagram show about the same ratio of
markedly from its low temperature value well below the bulk energy between magnetic and melting transitions as iron. In
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the light of the above considerations, specific heat measure (FrenzEon Laser

ments of small ferromagnetic clusters could give a deepel brnir
insight on the mechanism responsible for the magnetic tran:

sition.

Chopper Stern-Gerlach
Magnet

For free clusters, we define the specific heat as the rati®*™ =Tk 1351 - - - - - |t
between the variation of the total energy of the cluster and iy
the variation of its temperature, i.e€C= AE/AT (without Laser-Vaporiztion g e N _ :I
mention of the thermodynamic process through which the uster Souree rargssme)
total energy is changedStern-GerlaciiS-G) measurements
on ferromagnetic iron, cobalt and nickel clustérmdicate yanme-Of-Flight

. . T T T [ TREe ass Spectrometer

that the cluster lattice vibrations act as a thermal bath for the

spin system: this allows clusters to have an internal ther- FIG. 1. Overview of the experimental apparatus. The heatin
mometer, namely their magnetization. The specific heat meg. "~ - Verview ot the experi pparatus. Ating
. LT aser enters collinearly with the cluster beam and interacts with it
surement method is based on the following idea. The clusters
. . . . A .~ before the beam enters the Stern-Gerlach magnet.
are illuminated with a laser light and modifications to their

magnetic properties compared to the non-illuminated Casﬁ/herex is a constant which depends on the geometry of the

are recqrded In a Stern—GerIa(_:h_expenment. When IIIumI'experiment. The magnetization represents the time average
nated with a laser of characteristic frequenaythe cluster — q.00tion of the cluster magnetic moment onto the field di-
absorbs a glven.numberof photo.ns., each with an energy rection, i.e.,M(T)=|u(T)-H|/H. w(T) is the temperature
.ﬁw’. and hence its total energy is increased r‘d_yw. The .dependent magnetic moment of the cluster, a quantity analo-
impinging photons are absorbed by the electronic cloud. Thi ous to the magnetic moment of bulk materials which is
energy excess is quickly relaxed, in a radiationless proces educed from the magnetization at saturatiom’

into the vibrations causing a variation of the temperature. .. nater downstream from the magnet, a narrow collin-
Since t.he _magnetization of ferromagnetic clusters _dependéar excimer laser light beafh mm wide, ArF, 6.4 eV ion-

on their vibrational temperature, the temperature increasgqq e clusters which are then accelerated perpendicularly
due to photon absorption provokes a variation in their mag;, 5 time-of-flight mass spectrometéFOFMS). The drift
netization, which is probed by measuring the change in th¢me of the clusters in the TOFMS is independent of the

S-G deflections. position where the clusters have been ionized, but depends

This report is organized as follows: in Sec. Il we descrlbeOn the cluster mass, and thus permits a size selefidhe

the experimental setup and the basic measurement prinCiplegit of the ionizing laser light is swept across the ionization

Section 1l gives a deeper insight of the specific heat meagqqion The intensity corresponding to a selected cluster size

surements; we explain our method and justify our assumpzange js measured for each slit position so that the beam
tlons_. Finally in Sec. I\_/, we present and discuss the resultﬁrof"e can be mapped out. Performing this type of measure-
on nickel, cobalt, and iron clusters. ment with and without applied magnetic field allows the
cluster beam deflections to be measured. The deflections cor-
Il. EXPERIMENTAL SETUP respond to the profile center of mass, which is extracted by a
very accurate method. It involves the convolution of a broad
The experimental setup has been described extensivelgaussian and the data. The maximum'’s position of this con-
elsewheré®? A frequency doubled pulsed Nd:YAG laser voluted spectrum is then determined. This method has been
(632 nm, 10 Hz, 100 mJ/pulse, pulse duration of 1pfiles  extensively tested in simulations and experiments and has
onto a pure material rod. The formed plasma condenses infgeen found to be more reliable than the simple procedure
clusters in a helium buffer gas. The mixture spends abouthat determines the first moment of the deflection profile.
1-2 ms in a nozzle whose temperature can be varied from 78hen, from the knowledge of the cluster velocity, the cluster
K to 1000 K. This time is long enough to ensure a thermal-magnetization in a given size range can be determined as a
ization: the cluster vibrational temperature is very close tofunction of temperature with Ed1).
the nozzle temperatursee Ref. 16 and references thejein In specific heat measurements, the cluster beam is illumi-
The expansion into vacuum does not affect the cluster vibranated collinearly by a frequency doubled Nd:YAG lag&32
tional temperature when adequate source operating condim, a few mJ/pulse, pulse duration of 10 mbout 15 cm
tions are selected. This affirmation is based on previous studefore it enters the Stern-Gerlach magigt. 1). We make
ies where magnetic properties have been thoroughlgure that the region where the cluster beam is heated is uni-
investigated for these operating conditions. A chopper wheeformly illuminated by looking at the laser light shadow
allows velocity measurements and defines the whole timinghrough the magnet poles. The laser intensity is measured at
of the experiment. The cluster beam is collimated and thefthe entrance of the vacuum chamber, and is directly propor-
passes through an inhomogeneous magnetic field where clugonal to the fluence of the laser light in the interaction re-
ters are deflected. The beam deflectirdepends on the gion. In the experiment, a magnetic field is applied and the
applied magnetic fieltH, the cluster velocity and the clus-  cluster velocity is measured. Then, the heated and the non-
ter magnetizatiotM (T) according to the following formula: heated cluster beam profiles are recorded in a single scan by
measuring alternatively their corresponding cluster beam in-
tensity for each position of the ionizing light slit. Beam pro-
d=y M(TH ’ (1) files are mapped out at fixed magnetic field strength for dif-
v? ferent heating laser light intensities. In this manner, we make
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sure that fragmentation is negligible since both heated andhis assumption is justified by the fact that the laser intensi-
nonheated cluster profiles are seen to have the same inteties used in the experiment were relatively low and the clus-
sity. The cluster specific heat is then determined from theers studied quite large, such that the temperature increase
deflections of the beam profiles with respect to the undedue to the absorption of one photon is modedfew to a few

flected beam as explained in the next section. tens of degregs
The effect of the temperature increase on the magnetiza-
lll. SPECIFIC HEAT MEASUREMENTS tion is thus described by

A. Generalities
. _ S (M)=2 M(T+nAT)P(n,Bl), )
The specific heat measurement relies on the consideration n=0
that the free cluster total energy can be modified by tWOWhere<M> is the mean magnetization of the heated cluster

different processes: first, by increasing its internal energ . : i o
through photon absorption; secondly, by increasing its tem)é:eam andP(n, 1) s the Poisson probability distribution

perature through thermalization in the source with a heate efined above. The numerical evaluation bf) with Eq. (2)

buffer gas. Both processes lead to a thermal disorder of th volves limitingn to an arbitrary maximal number of ab-
r gas. np e Sorbed photons. Ignoring the highterms in the expression
atomic magnetic moments inside the cluster and hence to

reduction of the cluster magnetic moment and magnetization s a negligible effect on the final result, because of the
9 9 n-factorial decreasing terms in the sum.

The reduction in magnetization is experimentally revealed by Ideally, it should be possible to observe the effects of the

smaller cluster beam deflections compared to a similar bu&iscrete photon absorption on the magnetization. Namely

noq’?leeater!\(z)ti);%irc;rrn?ii:neZn%qfﬁg}malization rocesses lead the whole deflection profile should be composed of discrete
b P b aks, each one corresponding to the deflection profile of

equivalent internal energy and temperature INCreases. Inde usters which have absorbed the same number of photons.
the photon absorption occurs through the electronic clou

The relaxation of the absorbed energy into vibrational andlhe spikes corresponding to both zero and one photon ab-
t

electronic degrees of freedom takes place on a very sho orption should indicate how the magnetization, and hence
time scale of about 10-100 P&The energy relaxation is e temperature, changes after an internal energy increase of

. This procedure does not require the explicit knowledge
completed well before the cluster enters the Stern—GerIacﬁf the photoabsorption cross section in order to determine the

magnet. Therefore, both heating processes affect the CIUStg{)ecific heat. Unfortunately, multispike structures in the

magnetization similarly. In other words, the cluster magneti-o) ster profiles cannot be observed because the high collima-
zation acts as a sensitive thermometer for free clusters.

The measurement of the cluster magnetizatibfT) has tion of the cluster beam required for their observation is not
: gnet o attained experimentally, and because the deflection process
been performed under experimental conditions wi(d)

follows a superparamagnetic behavibr, ie., M(T) in the SG magnet naturally involves some broadening of the

o 1 2(TV/T. H th ) tal and s th dcluster beam. In fact we observe that higher heating laser
pA(MIT. owever, the experimental and analysis metnodyy,iaysities lead to lower deflections because of the larger
used to obtain the cluster specific heat do not depend on tl}ﬁean number of absorbed photdiFég. 2

superparamagnetic assumption and are generally applicable. Note that the heated profiles present a deformed shape

Consider the interaction of a cluster beam at temperatur{.ahat renders difficult an analysis based directly on the profile

T with a laser light of intensityl. During the short laser shapes. Indeed, the deconvolution of the heated profiles into

pulse, g!ustgrs _abs_orb a certain numbet phOt.OnS with 4 hasis profiles, corresponding to clusters having absorbed a
probability distributionP(n, 1) given by the Poisson statis- different number of photons, was found to be sensitive to

i =g A n i i : T )
tics, P(n, Bl)=e""(B1)"n!. Here 8 is the photoabsorption small irregularities in the profile shapes. Moreover, an accu-

cross section, which is assumed to be temperature '”depeﬂite deconvolution required at least several tens of basis pro-
dent. Al represents the mean number of absorbed photongeg The method detailed in Sec. Il B overcomes these tech-
and can be experimentally determined as explained in Segeq) jimitations. It allows the contribution of the one-photon
HIC. . o . absorption process to the total deflection peak to be extracted
We use relatlvely_loyv heating light intensities so th‘f"t theand hence permits a direct measurement of the specific heat.
clusters absorb a limited number of photons, maximallygegijes a second method, experimentally and conceptually

5-10. Since the .heatlng process I'asts severgl nanosecoan pler than the first one, is used to measure the specific heat
and each absorption relaxes on a picosecond time scale, e ative to an existing calibration measurement. It is de-

absorption event can be considere_d independent of the Othgﬁribed in Sec. Il C.
ones. The first absorbed photon increases the cluster tem-
perature fromT to T+AT,, where AT, =% w/C(T) is the
product of the photon energy times the inverse of the cluster
specific heat at temperatufle The second absorbed photon  In the limit of low laser intensities the events involving
increases the temperature from+AT; up to T+AT; more than one photon become negligible: the probability to
+AT,. This absorption process involves the specific heat adbsorb 2 or more photons becomes very small compared to
temperatureT +AT;,. In the general case wherephotons the 0 and 1 photon absorption probabilities as indicated by
are absorbed, the task of determining the corresponding tenkq. (2). Further in this section, we will explain how this
perature increase from the measurements gets quickly vesituation can be actually achieved experimentally. For now,
complicated. We simplify the problem by assuming that eacHet us assume that the heating light intensity is so low that
photon produces the same temperature incradse=AT.?>  clusters absorb only zero or one photon. In this case, the

B. Absolute determination of the cluster specific heat
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FIG. 2. Typical cluster beam deflection profiles. The continuous 0 5 10 15
profile corresponds to clusters which are not deflected. Its amplitude Light intensity [arb. units]
has been divided by 1.33 for figure convenience. By applying a ] o N
magnetic field we observe a deflection of the beam profile, noted FIG. 3. The extrapolated field for the calibration of the spec!flc
“zero intensity” on the graph. By illuminating the beam and keep- heat of Fegyy_ 140 Clusters at room temperature. The continuous line
ing the magnetic field constant, we measure less deflected profilel$ @ linear fit to the experimental results. Strictly speaking they
The deflection corresponds to the profile center of mass. A higheforrespond to the deflecting magnetic field which simulates the

laser light intensity leads to a smaller deflection. We do not observéemperature increase caused by the absorption of a single photon as
a multispike structure but a single peak profile. a function of the heating laser light intensity. What we call the

extrapolated fieldH,.,, is the value of the linear fit in the limit of
zero intensity. Our model indicates that the dependence of the ex-
trapolated field on the intensity should be linear if less than three
photons are absorbed. In the case of,f6 ., atoms, the best field

is 0.59 T, which corresponds toT=100.7 K hence a specific heat
C=4.02 cal(mol K).

heated cluster beam deflection profil¢r,H) is composed
of the deflection profileg/y(r,H) and 4(r,H) correspond-
ing to clusters which have absorbed zero phdtmd have a
temperatureT) and one photor{with corresponding tem-
peratureT + AT) respectively. Hence,

rH)=(1— rH)+ r.H), 3 cedure would be the same for each laser intensity because it
. H)=(1=a)golr H)+ ay(r.H) ® is independent oft. Nevertheless if several photons can also

wherea is the probability for absorbing one photon. At the be absorbed, it can be shown tiét becomes a function of

intersection point of the profileg/(r,H) and ¢o(r,H) [i.e., the laser intensity with the same value in the zero intensity

at the positionr* where w(r*'H):(ﬁO(r*,H)], we find limit. By deVelOping Eq(3) at h|gher Ol’deI’S, it can be de-

from Eq. (3) that a[ ¢o(r* ,H) — ¢1(r* ,H)]=0. This inter- duced that the dependence in intensity is linear if up to two

section pointr* is therefore independent of and hence of Photons are absorbed, quadratic if up to three photons are

the laser intensity. absorbed and so on. For the laser intensities that we used in
In our experiment, the profileg(r,H) and y,(r,H) are this calibration procedure, our results display a linear depen-

recorded simultaneously in a single scan. The analysigence(Fig. 3). This indicates that we have reached the ex-

file 4(r,H) uses the dependence of the deflectiban the sorbed.__lndeed, as we will point out in Se_c. lIC, the

productH M(T), whereH is the deflecting magnetic field probability to. absorb three or more photons is lower than

andM(T) is the cluster magnetizatioM (T) is a monoto-  0-6% for the intensity range of Fig. 3. ,

nous decreasing function known from previous investiga- The_ extrapo_lated magnetic field corresponding to the zero

tions of magnetic cluster$® From the relatond  'N€Nsity case is

«H M(T), it follows that the profiley,(r,H), corresponding

to the one-photon heated clustdrghose temperature i$ H o= lim H'. (4)

+AT) and deflected by a magnetic fidl is equivalent to a 1—0

profile ¢'(r,H’) corresponding to nonheated clusters

(whosezttsemperature i5) deflected by a lower magnetic field | gives the value of an hypothetical field that, applied on the
H"<H. In order to determined’, we measure a set of clyster beam, would deflect it by the same amount as the
profiles  using  several different deflecting fields gctyal fieldH deflects the particles having absorbed one pho-
{to(r,H1),tho(r,Hz), ... .iho(r,Hy)}. The set of reference ton, It allows the determination of the temperature increase

heating. We then deduce, by interpolation in the set, the prorom Eq. (1) and Eq.(4), one gets

file ¢o(r,H’) which intersects the profileyy(r,H) at the
pointr*.

If the clusters were restricted to absorb no more than one H  Heno )
photon, then the value ¢’ obtained by the preceding pro- M(T) M(T+AT)
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and AT is extracted from this implicit equation. The deter- 0.8 f t f f t

mination of the cluster specific heat at a given initial tem- (a) C0,00-220

peratureT is then straightforwardC(T) = Aw / AT. T=294 K ¢
The procedure presented here for the absolute determina- S

tion of the cluster specific heat is very demanding and be- 0B e 7

comes intractable at high temperatufe500 K) where de- é e

flections are small. Consequently the absolute measurement 3 .

of the specific heat is performed solely at room temperature. o4t 1

An alternative method, described below, is then used to de- = °

termine higher temperature values of the specific heat. When _:_’?

applied similarly at room and higher temperatures, it leads to
the determination of the specific heat at highelatively to 02+ +
its absolute value at room temperature.

C. Relative determination of the cluster specific heat 0 . : . , ;

The method used for the relative measurement of the spe- 0 T 20 30 40 50 60
cific heat consists of two distinct steps which use similar Light Intensity [arb. units]
concepts. In the first step, measurements are done at room
temperature. The cluster beam is heated with the laser, using y ‘ ‘ i
several different light intensities and the ratigd(l)) a4t (b) Fe120.120 s
—dg)/{d(l)) is plotted as a function of the light intensity T=294 K
Here,d, is the cluster beam deflection at a given field with-
out heating, andd(l)) the deflection of the cluster beam 3]
heated with a light intensity, at the same previous field
value. Bothdy and{d(l)) are extracted from their respective
experimental profiles, as described in the experimental sec-
tion. From Eq.(1) and Eq.(2), the deflection ratio is

(dg-<d(l)>)/<d(l)>

(d)—do _ M(T) :
@ @ " i

EO M(T+nAT)P(n,BI)

The magnetization curvéM(T) is known from previous 0 t + +

measurements whilA T could be extracted from the room 0 20 40 60 80

temperature value of the specific heat obtained by the above Light Intensity [arb. units]

calibration. Thus, the photoabsorption cross secforap-

pearing in the Poisson distribution, is the only free parameter FIG. 4. The determination of the photoabsorption cross section

in Eq. (6). It can be obtained by a fit to the experimental ©f CC200-2408nd Fé2o-140. The measured points correspond to the

deflection ratio values. The summation in E§.is truncated Eormahzte: d'ﬁire“t;z " dfﬂgct:'on betweel:to;aear;tﬁf ‘;)'USterSfthat
H H H — ave not been neal erlecte y an amou an e peam O

0 OKztgéar:g%?\?\/tlen::ﬁ \éaelgﬁégymza:gegﬂaéu;g)ér of interactClusters that have been heated with a laser of intengideflected

. . . . . - by an amountd(l))]. The experimental data is well fitted by the
ing photons for a given light intensityn)=B1. We found . )
that, for Fe,o_ 140in Fig. 3 and Fig. 4] ~40 corresponds to model of absorption we have assuniedntinuous curve The only

. . . free parameter of the curve is the value&fthe photoabsorption
(ny~1. At 1 =15, a typical intensity for the absolute deter- P A P P

S A ) - cross section. In Ggy_,40 (8) the curve is a straight line since the
mination of the specific heatsee Fig. 3, the probability to magnetic moment per atom is fairly constant up to 900 K. In

absorb(0,1,2,3. . .) photons i50.69, 0.25, 0.05,0.006..)  Fg . .. (b) the magnetic moment per atom falls quickly near 350
respectively and thus can be considered as a low intensity gnqd is responsible for the nonlinear curve.

limit. Similarly, for the relative measurements lat 80 in
Fig. 4, the probability to absorb more than 6 photons befluence of the heating laser light in the interaction region.
comes negligible £1.2%). The proportionality constant varies with the exact position of
Figure 4 shows typical deflection ratios and fits for ironthe beam with respect to the magnet poles and the heating
and cobalt clusters. The dependence of the rétay(l)) laser power meter.
—dg)/(d(l)) on the intensity is linear in the case of cobalt In the second step, identical measurements are done, but
clusters and highly nonlinear for iron clusters. In this lastat higher temperatures. Again, the experimental deflection
case, the deviation from the linear behavior is due to theatio, ((d(1))—dg)/(d(l)), is plotted against. Since we as-
peculiar dependence of the iron magnetic moment on temsumed that3 does not depend on cluster temperature, the
perature. Once8 is known for a given cluster type, it is not only free parameter left iAT. Thus, the fit to experimental
necessary to measure it again, except when the light path ehlues gives the cluster temperature increase due to the one-
the heating laser is altered. This is because the valli¢haft  photon absorption process. As a result, the specific heat
we measure in our experiment is only proportional to thevalue as a function of the temperature can be deduced.
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16 : : ! ) : : : C(T):Clat(T)""Cel(T)"'Ctran;T)' (7)
¢ Experimental Specific Heat

Ni200-240 i i
m Calibration measurement . . . -
14+ - _ Mean Field estimation T whereC,5(T) is the lattice andC4(T) the electronic specific

heats andC,,,{T) represents contributions to the specific
heat from the different phase transitions.

For ferromagnetic bulk iron, cobalt and nickel, the spe-
cific heat around the Curie temperature and the magnetic
moment are intimately related. The magnetic moment is de-
duced from the saturation magnetization. The ferromagnetic
to paramagnetic transition is a second order phase transition
which manifests itself by the loss of long-range ferromag-
netic order. At the Curie temperature, the magnetic moment
value converges to zero and correspondingly the specific
heat reaches its maximum value. Despite some limitations
(see, for instance, Refs. 19 and) 2he mean field, or Weiss,
model allows a reasonable approximation of the magnetic
contribution to the total specific heat. In the framework of
this model, the specific heat is given'By

C [cal/(mol K)]

:ufo 4 :
= + A L
=7 A A .
s (™= 3NkgTc | dui(T) ©
. A magnetic moment / atom M 2#% j+1 dT ’
0 t t t t t t
0 100 200 300 400 500 600 whereN is the number of atomd,. is the Curie temperature,
Temperature [K] o is the magnetic moment per atoijns woug g~ * (g is

the gyromagnetic ratjp and u,(T) is the temperature de-

FIG. 5. Specific heat of Njy »49 Clusters. The experimental d@endent magnetic moment.

specific heat is displayed using black diamonds in the upper part In bulk ferromagnetic transition metals, this approxima-

the graph. The calibratio@bsolut¢ measurement has been done at ,. .

A tion reproduces relatively well the shape and area of the spe-
room temperature and is displayed as a black square. The otherf. heat iated with th tic bh t it Thi
measurements are relative ones. The error on the calibration (&' €at associated wi € magnetic phase transition. This

+17% and arises mainly from the determination tfs,,. The IS true prO\_llded the experlmenta_l value B is use_d since
horizontal dashed line is the Dulong-Petit value of the specific heat® Mean field model does not give a good quantitative esti-
The dash-dot curve is the magnetic contribution to the specific hedh@te of it. We have used a similar approach for the ferro-
in the mean field approximation. Finally, the continuous curve is amnagnetic clusters. The mean field specific heat is deduced
guide to the eyes. The experimental magnetic moment per atom &0m EQg. (8) using the experimental curve of the magnetic
displayed using black triangles in the lower part of the graph. Thenoment per atom versus temperatus,T)/N. This com-
unit is the Bohr magnetoru(g=9.2741x 10~ 2* J/T). puted contribution to the specific heat, which has a purely
magnetic character, is then compared to the measured spe-

IV. RESULTS AND ANALYSIS cific heat curve.

The results of the specific heat measurements are pre- A. Nickel and cobalt clusters

sented in Figs. 5 and 6 together with the corresponding The measurements on N 4o Clusters(Fig. 5) lead to a
curves of the magnetic moment per atom as a function oépecific heat curve&(T) which is easily interpreted in this
temperature. The specific heat of a small ferromagnetic clusgeneral frame. There is a broad peak centerefi=a840 K
ter system is expected to be composed of different contribuwhich adds to an approximately constant value of 6(cail
tions. The main contribution to the specific heat comes fronK) over the whole measurement range, 90-600 K. The po-
the lattice vibrations. If we consider only the harmonic termssition and the area of this peak are reasonably well approxi-
in the ionic interaction potential, it should converge to themated by the mean field model estimate of the specific heat.
classical Dulong-Petit valugs calfmol K)] at temperatures Therefore, this peak certainly has a magnetic origin and the
higher than the Debye temperatdfelhe cluster Debye tem- associated transition is the equivalent of the Curie point in
perature is expected to be reduced compared to its bululk nickel. The maximum of the mean field curve, which
counterpart since long wavelength excitations cannot be suslefines the Curie temperature in this c&sis at T=420 K,
tained in a finite systerffi Furthermore, apart from the elec- which is lower than its bulk counterpart, 625 K. Note that the
tronic specific heat due to the valence electrons, the othenaximum of C(T) occurs at a lower temperature than that
contributions are related to one or more possible phase tramlerived from the mean field approximation. The reason for
sitions that could occur in the cluster. For instance, it couldhis shift may be the mean field model overestimation of the
undergo a structural phase transition, from one structure ttransition temperature because it neglects the fluctuatfons.
another one, or it could melt. In the case of a magnetic sysitegration of the specific heat peak shows that the heat as-
tem, we also expect to see a contribution from the magnetisociated with the transition is 530 cal/m@.022 eV/atom
phase transition prominent near the Curie point. which is higher than its bulk counterpart, 420 cal/rf@i018
Summarizing, we write for the total specific h&at eV/atom.?” The origin of this difference could be the en-
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FIG. 6. Specific heat of iron clusters of increasing size rdige120—140 atoms(b) 200—220 atoms, an¢t) 250—270 atoms The
symbols are the same as the ones used in Fig. 5. The error on the calibratprtis1%, (b) +32%, and(c) =20%. The most striking
feature of the specific heat is its low value around room temperature, for all size ranges. Notice how, in the case of 200—-220 and 250—-290
atoms clusters, the specific heat stays low when the magnetic moment starts to decrease in the 200—400 K temperature range.

hanced magnetic moment of clusters compared to the bulk, There are no prominent features in the experimental spe-
but the experimental error bars and the somewhat arbitrarilgific heat curve of Cgy, 49 Clusters. We observe a steady
selected baseline in the integration of the peak make anincrease from 5.5 cdlbhol K) at 300 K to 15 calimol K) at
conclusion difficult. 900 K. Unfortunately, measurements at higher temperatures
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to check the evolution of the specific heat curve cannot bapecific heat. The presence of isomers in iron clusters pro-
achieved with our experimental setup. Further details andiuced by laser vaporization has been invoked to explain why

discussions are reported in Refs. 16 and 17. the determination of the iron cluster structure in a molecular
beam experiment is a difficult tadk.In this hypothesis,
B. Iron clusters some energy is released when the clusters go from the meta-

First, we present the specific heat of iron clusters in sevstable state to a lower energy state after the interaction with
eral different size ranges, 120—140 atoms, 200—220 atomghotons. This makes the estimation of the specific heat dif-
and 250-290 atoms. The resulfsig. 6) are at first sight ficult because one does not know the total energy that con-
similar to the specific heat curve of M40 Clusters, show- tributes to the cluster heating. Indeed, if one considers only
ing a wide and distinct specific heat peak. However, combinthe impinging photon energy, this underestimation leads to
ing a harmonic lattice specific heat with a contribution froman incorrect, low value of the specific heat. When g;fe
a ferromagnetic to paramagnetic transition does not modejjuster at 300 K interacts with a single 532 nm photon, its
accurately the experimental data. temperature goes up by approximately 68 K. Using a simple

First, the specific heat of iron clusters in the temperaturezrrhenius law to model the decay of the cluster metastable
range 300—400 K is anomalously low, going down to 3 callstate leads to the following conclusion. If such a low tem-
(mol K) in the case of Fgo_290. This is significantly lower — heratyre increase is enough to anneal the clusters and cause a
than the Dulong-Petit value. If the only contribution to the rg|atively large error in the determination of the specific heat,

specific heat was the harmonic lattice conFribution,. then thefhen a large proportion of the clusters should anneal sponta-
Debye temperature of k& _,qo Clusters, obtained by fitting a neously in flight even in the absence of heating, and the

Debye specific heat curve to the lowest value of the mea- . .
sured specific heat, would be approximately 2000 K. Comcluster mean temperature should increase markedly during

paring this to the bulk valuefp =425 K,?° shows that the trf1t|mgthsely spelndtln theh belzrr:hbefot;e (re]n:[[erlng thethm_agnet

Debye model is not suited to describe iron clusters. (~ m3. Slow clusters shou en be hotirence their

Secondly, the mean field model does not correctly repm[nagnetlzatmn should be lowethan fast clusters, because
ey have more time to anneal before interacting with the

duce the wide specific heat peak that we observe. This i e . :
apparent in the case of the g »q0 clusters where the mean magnetic field, but we did not observe such a behavior. Al-

field model predicts a contribution of the magnetic system tghough we do not know anything about the presence of iso-
the specific heat which is roughly constant up to 550 KMers in the beam we can exclude their presence as a cause
where it decreases, whereas the measured specific hd@t the low specific heat.
shows a very distinct peak around 600 K. Moreover, contrar- b. Melting? Cluster melting can induce a specific heat
ily to the Ni case where the mean field analysis overestimatei§icrease in the critical regiot?,equivalent to the latent heat
the position of the specific heat maximum as it could beof fusion in the bulk, as well as a partial or total loss of
expected® in the case of iron clusters the mean field under-magnetic order which is a consequence of the structural
estimates it. change. While the wide specific heat bump in iron clusters of
Third, there is a temperature shift between the magnetiwzarious sizes is not well described in the frame of the mean
moment decrease and the specific heat peak for each clusfiggld model, the area under the peédpproximately 1300
size. cal/mol in the case of Fgy 140, F&go_ 200 and F&sq 299
Fourthly, the experimental values do not converge to theclusters is lower than the total energy of the ordered spin
bulk specific heat curve when the cluster size is increasedystem, which is itself, in bulk iron, about 60% of the latent
For the largest size range that we measyB¥®—420 atoms, heat of fusion. If the iron clusters did really undergo a melt-
not presentedthe specific heat at 377 K is still as low as ing transition around 600 K, then the associated specific heat
3.84+0.17—-0.3 cal(mol K). The specific heat peak, which increase would reflect the melting as well as the ferromag-
is observed al =650 K in Fa,q_ 14 Clusters, stays around netic transition. This would lead to values of the specific heat
T=600 K in Fegg_ 220 and Fesg_ g Clusters. This shows no higher than the ones we measured. This model has another
sign of convergence towards the bulk iron value although weélaw. The magnetic moment per atom of,kg ,9o decreases
would expect this peak to shift to higher temperatures within a temperature range where no increase in specific heat is
increasing sizes. observed. Indeed, at 350 K, the specific heat is anomalously
The anomalies, namely the low specific heat and the faillow whereas the magnetic moment decrease is already vis-
ure of the mean field model, get more pronounced when thible. This is incompatible with a model where the melting
size is increased from 130 to 270 atoms, and more generallgrives the magnetic transition. These observations lead to the
there is no sign of convergence towards the bulk behavioeonclusion that there is probably no melting occurring in iron
upon increasing the size. These observations suggest theltisters, in the size and temperature ranges we considered.
iron clusters, unlike nickel ones, do not undergo a simple c. Surface demagnetizationiPhe Curie temperature of
ferromagnetic to paramagnetic transition. This leads us teurfaces is known to be lower than the bulk dRejainly as
guestion the mechanism that drives the magnetic transition ia result of the lower coordination. But the gradual, almost
Fe clusters. We consider four possible hypothesis: the predéinear decrease in magnetic moment that we observe in
ence of metastable isomers in the beam, the melting of thEBeyso- 99 Clusters cannot be described by a model where the
clusters, a surface demagnetization and finally a highron cluster surface, or the outermost shell, has a lower Curie
moment—low momentHM-LM ) magnetic transition. temperature than the inner shells. If it were the case, then the
a. Metastable clustersi? is tempting to consider the pres- smaller Fe,g- 149 Clusters would show an even more rapid
ence of metastable isomers in the beam to explain the lowlecrease of their magnetic moment than the larger clusters
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do, since they have proportionally more atoms on the surment of a single structure to iron clusters. Nevertheless, it
face. Our measurements on iron clusters do not show thisas been suggested that iron clusters probably do not keep
kind of behavior. the same structure over a large temperature range. Indeed,
d. HM-LM transition?Finally, let us consider the possi- clusters having less than 200 atoms show a different struc-
bility of a magnetic transition by first reviewing some pecu- tured mass spectrum than larger clusters, probably indicating
liarities of the coupling between structure and magnetism ira structural change. Therefore, the exact structure of free iron
iron. Under normal conditions, the crystalline structure ofclusters is unknown, and could even change with tempera-
bulk iron changes from bcc to fcc at 1185 K, i.e., 142 Kture. On the other hand, theoretical studies on complex sys-
above the Curie temperature. The bcc structure disappearsms like iron aggregates with as much as 1000 atoms are
when the short-range ferromagnetic order vanishes. Whenotoriously difficult. Using an empirical many-body poten-
the exchange interaction term in the Hamiltonian of iron istial, it has been showf that various cluster structures with
not taken into account, the computed bulk iron structure iglifferent symmetries have a similar energy in the 100—1000
fcc, instead of bcc when the full Hamiltonian is usédCon-  atoms size range, actually leaving the question open.
sequently the iron structure is related to its magnetic cou- By analogy with the results of Del Biancet al,*? we
pling and a modification of its structure may induce a mag-believe that a HM-LM transition could play an important
netic property change. Such an extreme sensibility of theole in free iron clusters containing a few hundred of atoms.
magnetic properties on the geometrical environment is neiln this sense, iron clusters would behave like theFe phase
ther observed nor predicted for Ni and &34 at the grain boundaries of a nanocrystalline powder. A high
The iron fcc structure is stable only between 1185 K andnoment state is energetically favored at low temperatures,
1663 K. The magnetic and structural properties of fcc iron abut a low moment magnetically ordered state exists at a
temperatures lower than 1185 K are scarcely known. It hakigher energy, and can be thermally excited as it has been
been theoretically predict&® that fcc iron could exist in at  proposed for Invar systen#$The gradual transition from the
least two different magnetic states: a high moment, high volHM state to the LM state with increasing temperature pro-
ume state[ u=(2.3—-2.8) ug/atom, lattice constant=3.6  duces the observed decrease in the magnetic moment, but no
A] and a low moment oneu<1.6 ug/atom, with a lattice augmentation of the specific heat. Indeed, a magnetic order
constant between 3.5 and 3.6.Acc iron is also believed to exists for both HM and LM configurations and therefore the
exhibit strong magnetovolume effects and a noncollineaentropy increase is only minimal. Since the LM state reaches
magnetic structure under compression’ The experimental its Curie temperature well before the HM state, it loses its
situation is confusing. An antiferromagnetic low momentorder at moderate temperatu&0—600 K, raising the en-
(=~0.7 wg /aton) state, denoted,, with a Neel temperature tropy of the magnetic system. This transition causes a spe-
of about 67 K has been identified, for instance in fcc ironcific heat increase but only a modest change in the magnetic
precipitates in supersaturated Fe-Cu ally©n the other moment. This model describes qualitatively our magnetic
hand, ferromagnetic fcc stable states, usually dengted moment measurements and could explain the mean field
have been reportedly observed in certain Fe solid solutionmodel failure as well as the temperature shift between the
which adopt the fcc structure or from thin iron films grown magnetic moment decrease and specific heat peak. However,
on a fcc substrat® In the latter case, external constraints areit does not describe the low specific heat at room temperature
applied to force the samples to adopt the fcc geometry.  and does not address why, upon increasing the size, the iron
Different stable geometric structures, which are impos<cluster specific heat deviates more strongly from the bulk
sible or thermodynamically unstable in the bulk, are cur-behavior.
rently observed in nanometer size materfdln the case of These particular features could result from the shape of
iron clusters, we have clues about the structural parametetbe interatomic potential which is a consequence of the ex-
through indirect measurements. For instance, EXAFS meadstence of two distinct magnetic states with different lattice
surements on iron particles with diameters dow®tA em-  parameteré? Suppose that the ionic interatomic potential has
bedded in solid argon at 4.2 K indicate that their structure isa double well shap&. One well corresponds to the HM state
close to the bec bulk orf8. Smaller iron clusters have a and the other one, at a higher energy and with a lower lattice
structure consistent with a hcp or fcc bulk environment.constant, arises from the metastable LM state. Unlike a
More relevant to our work is a recent magnetic propertypurely harmonic interaction, this peculiar interatomic poten-
study on pure ball-milled Fe crystallites with diameter tial has not equidistant energy levels. In an energy range
around 10 nn{? These supported nanocrystals can be heatedlose to the metastable state energy, the distribution of the
up to 700 K readily. Mssbauer spectroscopy and HRTEM vibrational levels is modifie® For instance, the energy gap
are consistent with a bcc structure of the crystallites. Howbetween two consecutive levels could be increased compared
ever, annealing the particles to 570 K fb h transforms the to the harmonic case and thereby affects the thermal behav-
structure at the grain boundaries to fcc. This new iron phaser of the system. The vibrational specific heat could exhibit
shows a reversible order-disorder magnetic transition at apa two-bump structure, in which case the classical Dulong-
proximately 500 K. It has been interpreted as a ferromagnetiPetit value is reached well above the Debye temperature.
cally orderedy,-Fe phase having a lower magnetic momentThus, unlike a purely harmonic interatomic potential, a two-
compared to the bcc phase. state model with a double well shape ionic interaction poten-
The structures or the most common isomers of free irortial may explain the low value of the room temperature spe-
clusters in the size range 100—1000 atoms are not yet knowuific heat.
Near threshold photoionization and time of flight mass Moreover, in such a double well potential, the transition
spectroscop? at room temperature do not allow the assign-between the HM to the LM states is governed by many fac-
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tors: the energy difference and the energy barrier betweeflight. While the specific heat of nickel clusters, and to a
the HM and the LM states, and the exact details of the polesser extent cobalt clusters, is consistent with simple theo-
tential wells. Since the size of the iron clusters is very smallyetical predictions based on the mean field model of ferro-
we believe that these parameters might fluctuate from size tmagnetism, iron clusters show an anomalous thermal behav-
size. For instance, kB&, ,9o could possibly have a lower ior. The specific heat is low particularly around 300-400 K,
energy barrier than k&, 149, and therefore it would trans- and its peak cannot be explained invoking a mean field ar-
form at a lower temperature and over a broader temperatugument. Although we suggested a mechanism to account for
range. Since we do not know the exact interatomic potentialhese experimental observations, the magnetism of iron re-
landscape, this last suggestion deserves further attention. mains a complicated topic that has not delivered all its
secrets.
V. CONCLUSION
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