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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 experiment~80–600 K!, the
main feature of the specific heat of Ni2002240 clusters is a broad peak centered atT5340 K which adds to an
approximately constant baseline of 6 cal/~mol 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 heat of Co2002240

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 T5300 K to 15 cal/~mol K! at T5900 K. In iron clusters, the specific heat exhibits a
peak which is poorly described by a Weiss mean field theory. Furthermore, the specific heat value of Fe2502290

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.
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I. INTRODUCTION

The modifications to the properties associated with ph
transitions due to finite size effects have promoted for m
decades extensive theoretical and experimental inves
tions. 1–18 A large fraction of the theoretical1–8 as well as of
the experimental12–18 work performed in this area has bee
devoted to the study of the solid-to-solid11 and
solid-to-liquid2–5,12–14 phase transitions in finite size sy
tems. Investigations of second order phase transitions
cluster systems, like the ferromagnetic-to-paramagn
phase transition,6,7,15–17 are scarce and almost exclusive
limited to theoretical studies. In this case, Monte Carlo sim
lations of finite Heisenberg clusters6 predict a rounding of
the ferromagnetic to paramagnetic transition as well a
lowering of the transition temperature. These effects are
to the reduced coordination of the spins at the cluster sur
favoring larger spin fluctuations. In fact, the lowering of t
transition temperature is already predicted in the sim
mean field picture19,20 where the critical temperature is d
rectly proportional to the coordination number. In additio
the spins at the cluster surface have larger amplitudes du
their lower coordination. In the Heisenberg model, lar
spins tend to increase the transition temperature while
reduction of the coordination acts to decrease it. Th
Heisenberg clusters, with different surface to volume rat
might exhibit a thermal evolution that depends on a delic
balance between these competing effects.

This complexity is reflected in the magnetic properties
3d transition metal clusters.15–17 While in nickel and cobalt
clusters with increasing size, the magnetic moments per a
as a function of temperature are found to converge to
respective bulk values, in iron clusters the magnetic mom
curves depart seriously from the bulk curve for all inves
gated sizes. In iron clusters, the magnetic moment decre
markedly from its low temperature value well below the bu
PRB 620163-1829/2000/62~11!/7491~11!/$15.00
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iron Curie temperature~1043 K!. Furthermore, iron clusters
in different size ranges exhibit a radically different therm
behavior. For instance, iron clusters with 120 to 140 ato
have a qualitatively different thermal evolution compared
iron clusters with 250 to 290 atoms. In the former case,
magnetic moment is approximately constant at 3mB below
350 K and drops to about 0.7mB at 700 K, to augment again
slightly at higher temperatures. In the latter case, the m
netic moment decreases continuously and smoothly with
creasing temperature up to 700 K, where it levels off at ab
0.4 mB . This value is much larger than the one predicted
calculations of Heisenberg cluster spin systems at temp
tures above the transition temperature6,16 and more generally
the shape of the calculated magnetic moment curve also
fers radically from the experimental one. The nature of
cluster transitions is a delicate issue. Guided by the comp
thermal dependence of the iron bulk specific heat, it w
suggested that a structural change drives the magn
disorder.16

In the bulk, the specific heat is a powerful tool to inve
tigate phase transitions, since it exhibits large variations n
critical points. The energy involved in the second order tra
sitions is experimentally obtained as the peak surface in
specific heat curve. For instance, in bulk iron,21 the energy
associated with the magnetic transition at 1043 K~1930 cal/
mol! is about 40% lower than the latent heat of fusion~3303
cal/mol! which occurs at 1811 K. Beside the magnetic a
the melting transitions, bulk iron shows crystallograph
phase transitions, at 1185 K from bcc to fcc and at 1667
from fcc back to bcc. However, the energies associated w
these phase transitions are smaller than the magnetic en
215 cal/mol for the former one and 202 cal/mol for the lat
one. Although iron differs from nickel and cobalt in its poly
morphic character, these two latter metals with a consid
ably simpler phase diagram show about the same ratio
energy between magnetic and melting transitions as iron
7491 ©2000 The American Physical Society
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7492 PRB 62GERION, HIRT, BILLAS, CHÂTELAIN, AND de HEER
the light of the above considerations, specific heat meas
ments of small ferromagnetic clusters could give a dee
insight on the mechanism responsible for the magnetic t
sition.

For free clusters, we define the specific heat as the r
between the variation of the total energy of the cluster a
the variation of its temperature, i.e.,C5 DE/DT ~without
mention of the thermodynamic process through which
total energy is changed!. Stern-Gerlach~S-G! measurements
on ferromagnetic iron, cobalt and nickel clusters18 indicate
that the cluster lattice vibrations act as a thermal bath for
spin system: this allows clusters to have an internal th
mometer, namely their magnetization. The specific heat m
surement method is based on the following idea. The clus
are illuminated with a laser light and modifications to th
magnetic properties compared to the non-illuminated c
are recorded in a Stern-Gerlach experiment. When illu
nated with a laser of characteristic frequencyv, the cluster
absorbs a given numbern of photons, each with an energ
\v, and hence its total energy is increased byn\v. The
impinging photons are absorbed by the electronic cloud. T
energy excess is quickly relaxed, in a radiationless proc
into the vibrations causing a variation of the temperatu
Since the magnetization of ferromagnetic clusters depe
on their vibrational temperature, the temperature incre
due to photon absorption provokes a variation in their m
netization, which is probed by measuring the change in
S-G deflections.

This report is organized as follows: in Sec. II we descr
the experimental setup and the basic measurement princi
Section III gives a deeper insight of the specific heat m
surements; we explain our method and justify our assu
tions. Finally in Sec. IV, we present and discuss the res
on nickel, cobalt, and iron clusters.

II. EXPERIMENTAL SETUP

The experimental setup has been described extens
elsewhere.16,22 A frequency doubled pulsed Nd:YAG lase
~532 nm, 10 Hz, 100 mJ/pulse, pulse duration of 10 ns! fires
onto a pure material rod. The formed plasma condenses
clusters in a helium buffer gas. The mixture spends ab
1–2 ms in a nozzle whose temperature can be varied from
K to 1000 K. This time is long enough to ensure a therm
ization: the cluster vibrational temperature is very close
the nozzle temperature~see Ref. 16 and references therei!.
The expansion into vacuum does not affect the cluster vib
tional temperature when adequate source operating co
tions are selected. This affirmation is based on previous s
ies where magnetic properties have been thoroug
investigated for these operating conditions. A chopper wh
allows velocity measurements and defines the whole tim
of the experiment. The cluster beam is collimated and t
passes through an inhomogeneous magnetic field where
ters are deflected. The beam deflectiond depends on the
applied magnetic fieldH, the cluster velocityv and the clus-
ter magnetizationM (T) according to the following formula

d5x
M ~T!H

v2
, ~1!
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wherex is a constant which depends on the geometry of
experiment. The magnetization represents the time ave
projection of the cluster magnetic moment onto the field
rection, i.e.,M (T)5um(T)•Hu/H. m(T) is the temperature
dependent magnetic moment of the cluster, a quantity an
gous to the magnetic moment of bulk materials which
deduced from the magnetization at saturation.15–17

One meter downstream from the magnet, a narrow col
ear excimer laser light beam~1 mm wide, ArF 6.4 eV! ion-
izes the clusters which are then accelerated perpendicu
in a time-of-flight mass spectrometer~TOFMS!. The drift
time of the clusters in the TOFMS is independent of t
position where the clusters have been ionized, but depe
on the cluster mass, and thus permits a size selection.22 The
slit of the ionizing laser light is swept across the ionizati
region. The intensity corresponding to a selected cluster
range is measured for each slit position so that the be
profile can be mapped out. Performing this type of measu
ment with and without applied magnetic field allows th
cluster beam deflections to be measured. The deflections
respond to the profile center of mass, which is extracted b
very accurate method. It involves the convolution of a bro
Gaussian and the data. The maximum’s position of this c
voluted spectrum is then determined. This method has b
extensively tested in simulations and experiments and
been found to be more reliable than the simple proced
that determines the first moment of the deflection profi
Then, from the knowledge of the cluster velocity, the clus
magnetization in a given size range can be determined
function of temperature with Eq.~1!.

In specific heat measurements, the cluster beam is illu
nated collinearly by a frequency doubled Nd:YAG laser~532
nm, a few mJ/pulse, pulse duration of 10 ns! about 15 cm
before it enters the Stern-Gerlach magnet~Fig. 1!. We make
sure that the region where the cluster beam is heated is
formly illuminated by looking at the laser light shado
through the magnet poles. The laser intensity is measure
the entrance of the vacuum chamber, and is directly prop
tional to the fluence of the laser light in the interaction r
gion. In the experiment, a magnetic field is applied and
cluster velocity is measured. Then, the heated and the n
heated cluster beam profiles are recorded in a single sca
measuring alternatively their corresponding cluster beam
tensity for each position of the ionizing light slit. Beam pr
files are mapped out at fixed magnetic field strength for d
ferent heating laser light intensities. In this manner, we m

FIG. 1. Overview of the experimental apparatus. The heat
laser enters collinearly with the cluster beam and interacts wit
before the beam enters the Stern-Gerlach magnet.
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PRB 62 7493EXPERIMENTAL SPECIFIC HEAT OF IRON, COBALT, . . .
sure that fragmentation is negligible since both heated
nonheated cluster profiles are seen to have the same i
sity. The cluster specific heat is then determined from
deflections of the beam profiles with respect to the un
flected beam as explained in the next section.

III. SPECIFIC HEAT MEASUREMENTS

A. Generalities

The specific heat measurement relies on the considera
that the free cluster total energy can be modified by t
different processes: first, by increasing its internal ene
through photon absorption; secondly, by increasing its te
perature through thermalization in the source with a hea
buffer gas. Both processes lead to a thermal disorder of
atomic magnetic moments inside the cluster and hence
reduction of the cluster magnetic moment and magnetizat
The reduction in magnetization is experimentally revealed
smaller cluster beam deflections compared to a similar
nonheated experiment@see Eq.~1!#.

The photoabsorption and thermalization processes lea
equivalent internal energy and temperature increases. Ind
the photon absorption occurs through the electronic clo
The relaxation of the absorbed energy into vibrational a
electronic degrees of freedom takes place on a very s
time scale of about 10–100 ps.23 The energy relaxation is
completed well before the cluster enters the Stern-Ger
magnet. Therefore, both heating processes affect the clu
magnetization similarly. In other words, the cluster magn
zation acts as a sensitive thermometer for free clusters.

The measurement of the cluster magnetizationM (T) has
been performed under experimental conditions whereM (T)
follows a superparamagnetic behavior,24 i.e., M (T)
}m2(T)/T. However, the experimental and analysis metho
used to obtain the cluster specific heat do not depend on
superparamagnetic assumption and are generally applic

Consider the interaction of a cluster beam at tempera
T with a laser light of intensityI. During the short laser
pulse, clusters absorb a certain numbern of photons with a
probability distributionP(n,bI ) given by the Poisson statis
tics, P(n,bI )5e2bI(bI )n/n!. Hereb is the photoabsorption
cross section, which is assumed to be temperature inde
dent. bI represents the mean number of absorbed pho
and can be experimentally determined as explained in S
III C.

We use relatively low heating light intensities so that t
clusters absorb a limited number of photons, maxima
5–10. Since the heating process lasts several nanosec
and each absorption relaxes on a picosecond time scale,
absorption event can be considered independent of the o
ones. The first absorbed photon increases the cluster
perature fromT to T1DT1, whereDT15\v/C(T) is the
product of the photon energy times the inverse of the clu
specific heat at temperatureT. The second absorbed photo
increases the temperature fromT1DT1 up to T1DT1
1DT2. This absorption process involves the specific hea
temperatureT1DT1. In the general case wheren photons
are absorbed, the task of determining the corresponding
perature increase from the measurements gets quickly
complicated. We simplify the problem by assuming that ea
photon produces the same temperature increaseDTn5DT.25
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This assumption is justified by the fact that the laser inten
ties used in the experiment were relatively low and the cl
ters studied quite large, such that the temperature incre
due to the absorption of one photon is modest~a few to a few
tens of degrees!.

The effect of the temperature increase on the magnet
tion is thus described by

^M &5 (
n>0

M ~T1nDT!P~n,bI !, ~2!

where^M & is the mean magnetization of the heated clus
beam andP(n,bI ) is the Poisson probability distribution
defined above. The numerical evaluation of^M & with Eq. ~2!
involves limiting n to an arbitrary maximal number of ab
sorbed photons. Ignoring the highn terms in the expression
has a negligible effect on the final result, because of
n-factorial decreasing terms in the sum.

Ideally, it should be possible to observe the effects of
discrete photon absorption on the magnetization. Nam
the whole deflection profile should be composed of discr
peaks, each one corresponding to the deflection profile
clusters which have absorbed the same number of phot
The spikes corresponding to both zero and one photon
sorption should indicate how the magnetization, and he
the temperature, changes after an internal energy increa
\v. This procedure does not require the explicit knowled
of the photoabsorption cross section in order to determine
specific heat. Unfortunately, multispike structures in t
cluster profiles cannot be observed because the high coll
tion of the cluster beam required for their observation is
attained experimentally, and because the deflection pro
in the SG magnet naturally involves some broadening of
cluster beam. In fact we observe that higher heating la
intensities lead to lower deflections because of the lar
mean number of absorbed photons~Fig. 2!.

Note that the heated profiles present a deformed sh
that renders difficult an analysis based directly on the pro
shapes. Indeed, the deconvolution of the heated profiles
basis profiles, corresponding to clusters having absorbe
different number of photons, was found to be sensitive
small irregularities in the profile shapes. Moreover, an ac
rate deconvolution required at least several tens of basis
files. The method detailed in Sec. III B overcomes these te
nical limitations. It allows the contribution of the one-photo
absorption process to the total deflection peak to be extra
and hence permits a direct measurement of the specific h
Besides, a second method, experimentally and conceptu
simpler than the first one, is used to measure the specific
relative to an existing calibration measurement. It is d
scribed in Sec. III C.

B. Absolute determination of the cluster specific heat

In the limit of low laser intensities the events involvin
more than one photon become negligible: the probability
absorb 2 or more photons becomes very small compare
the 0 and 1 photon absorption probabilities as indicated
Eq. ~2!. Further in this section, we will explain how thi
situation can be actually achieved experimentally. For no
let us assume that the heating light intensity is so low t
clusters absorb only zero or one photon. In this case,
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heated cluster beam deflection profilec(r ,H) is composed
of the deflection profilesc0(r ,H) andc1(r ,H) correspond-
ing to clusters which have absorbed zero photon~and have a
temperatureT) and one photon~with corresponding tem-
peratureT1DT) respectively. Hence,

c~r ,H !5~12a!c0~r ,H !1ac1~r ,H !, ~3!

wherea is the probability for absorbing one photon. At th
intersection point of the profilesc(r ,H) and c0(r ,H) @i.e.,
at the positionr * where c(r * ,H)5c0(r * ,H)#, we find
from Eq. ~3! that a@c0(r * ,H)2c1(r * ,H)#50. This inter-
section pointr * is therefore independent ofa and hence of
the laser intensityI.

In our experiment, the profilesc(r ,H) and c0(r ,H) are
recorded simultaneously in a single scan. The anal
method then used to extractc1(r ,H) from the measured pro
file c(r ,H) uses the dependence of the deflectiond on the
product H M (T), whereH is the deflecting magnetic field
and M (T) is the cluster magnetization.M (T) is a monoto-
nous decreasing function known from previous investi
tions of magnetic clusters.15,16 From the relation d
}H M (T), it follows that the profilec1(r ,H), corresponding
to the one-photon heated clusters~whose temperature isT
1DT) and deflected by a magnetic fieldH, is equivalent to a
profile c8(r ,H8) corresponding to nonheated cluste
~whose temperature isT) deflected by a lower magnetic fiel
H8,H.26 In order to determineH8, we measure a set o
profiles using several different deflecting field
$c0(r ,H1),c0(r ,H2), . . . ,c0(r ,HN)%. The set of reference
profiles is obtained at temperatureT, in the absence of lase
heating. We then deduce, by interpolation in the set, the p
file c0(r ,H8) which intersects the profilec0(r ,H) at the
point r * .

If the clusters were restricted to absorb no more than
photon, then the value ofH8 obtained by the preceding pro

FIG. 2. Typical cluster beam deflection profiles. The continuo
profile corresponds to clusters which are not deflected. Its ampli
has been divided by 1.33 for figure convenience. By applyin
magnetic field we observe a deflection of the beam profile, no
‘‘zero intensity’’ on the graph. By illuminating the beam and kee
ing the magnetic field constant, we measure less deflected pro
The deflection corresponds to the profile center of mass. A hig
laser light intensity leads to a smaller deflection. We do not obse
a multispike structure but a single peak profile.
is

-

o-

e

cedure would be the same for each laser intensity becau
is independent ofa. Nevertheless if several photons can al
be absorbed, it can be shown thatH8 becomes a function o
the laser intensity with the same value in the zero inten
limit. By developing Eq.~3! at higher orders, it can be de
duced that the dependence in intensity is linear if up to t
photons are absorbed, quadratic if up to three photons
absorbed and so on. For the laser intensities that we use
this calibration procedure, our results display a linear dep
dence~Fig. 3!. This indicates that we have reached the e
perimental condition where less than two photons are
sorbed. Indeed, as we will point out in Sec. III C, th
probability to absorb three or more photons is lower th
0.6% for the intensity range of Fig. 3.

The extrapolated magnetic field corresponding to the z
intensity case is

Hzero5 lim
I→0

H8. ~4!

It gives the value of an hypothetical field that, applied on t
cluster beam, would deflect it by the same amount as
actual fieldH deflects the particles having absorbed one p
ton. It allows the determination of the temperature incre
corresponding to a one photon absorption process. Ind
from Eq. ~1! and Eq.~4!, one gets

H

M ~T!
5

Hzero

M ~T1DT!
~5!

s
e

a
d

es.
er
e

FIG. 3. The extrapolated field for the calibration of the spec
heat of Fe1202140 clusters at room temperature. The continuous l
is a linear fit to the experimental results. Strictly speaking th
correspond to the deflecting magnetic field which simulates
temperature increase caused by the absorption of a single phot
a function of the heating laser light intensity. What we call t
extrapolated fieldHzero is the value of the linear fit in the limit of
zero intensity. Our model indicates that the dependence of the
trapolated field on the intensity should be linear if less than th
photons are absorbed. In the case of Fe1202140 atoms, the best field
is 0.59 T, which corresponds toDT5100.7 K hence a specific hea
C54.02 cal/~mol K!.
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PRB 62 7495EXPERIMENTAL SPECIFIC HEAT OF IRON, COBALT, . . .
and DT is extracted from this implicit equation. The dete
mination of the cluster specific heat at a given initial te
peratureT is then straightforward:C(T) 5 \v / DT.

The procedure presented here for the absolute determ
tion of the cluster specific heat is very demanding and
comes intractable at high temperature (T.500 K! where de-
flections are small. Consequently the absolute measurem
of the specific heat is performed solely at room temperat
An alternative method, described below, is then used to
termine higher temperature values of the specific heat. W
applied similarly at room and higher temperatures, it lead
the determination of the specific heat at highT relatively to
its absolute value at room temperature.

C. Relative determination of the cluster specific heat

The method used for the relative measurement of the
cific heat consists of two distinct steps which use sim
concepts. In the first step, measurements are done at r
temperature. The cluster beam is heated with the laser, u
several different light intensities and the ratio„^d(I )&
2d0…/^d(I )& is plotted as a function of the light intensityI.
Here,d0 is the cluster beam deflection at a given field wit
out heating, and̂ d(I )& the deflection of the cluster beam
heated with a light intensityI, at the same previous fiel
value. Bothd0 and^d(I )& are extracted from their respectiv
experimental profiles, as described in the experimental
tion. From Eq.~1! and Eq.~2!, the deflection ratio is

„^d~ I !&2d0…

^d~ I !&
512

M ~T!

(
n>0

M ~T1nDT!P~n,bI !

. ~6!

The magnetization curveM (T) is known from previous
measurements whileDT could be extracted from the room
temperature value of the specific heat obtained by the ab
calibration. Thus, the photoabsorption cross sectionb, ap-
pearing in the Poisson distribution, is the only free parame
in Eq. ~6!. It can be obtained by a fit to the experimen
deflection ratio values. The summation in Eq.~6! is truncated
to obtain the optimalb value ~typically nmax510).

Knowing b, we can deduce the mean number of intera
ing photons for a given light intensity,^n&5bI . We found
that, for Fe1202140 in Fig. 3 and Fig. 4,I'40 corresponds to
^n&'1. At I 515, a typical intensity for the absolute dete
mination of the specific heats~see Fig. 3!, the probability to
absorb~0,1,2,3, . . . ! photons is~0.69, 0.25, 0.05, 0.006, . . . !
respectively and thus can be considered as a low inten
limit. Similarly, for the relative measurements atI 580 in
Fig. 4, the probability to absorb more than 6 photons
comes negligible ('1.2%).

Figure 4 shows typical deflection ratios and fits for ir
and cobalt clusters. The dependence of the ratio„^d(I )&
2d0…/^d(I )& on the intensity is linear in the case of coba
clusters and highly nonlinear for iron clusters. In this la
case, the deviation from the linear behavior is due to
peculiar dependence of the iron magnetic moment on t
perature. Onceb is known for a given cluster type, it is no
necessary to measure it again, except when the light pa
the heating laser is altered. This is because the value ofI that
we measure in our experiment is only proportional to
-
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fluence of the heating laser light in the interaction regio
The proportionality constant varies with the exact position
the beam with respect to the magnet poles and the hea
laser power meter.

In the second step, identical measurements are done
at higher temperatures. Again, the experimental deflec
ratio, „^d(I )&2d0…/^d(I )&, is plotted againstI. Since we as-
sumed thatb does not depend on cluster temperature,
only free parameter left isDT. Thus, the fit to experimenta
values gives the cluster temperature increase due to the
photon absorption process. As a result, the specific h
value as a function of the temperature can be deduced.

FIG. 4. The determination of the photoabsorption cross sec
of Co2002240 and Fe1202140. The measured points correspond to t
normalized difference in deflection between beam of clusters
have not been heated~deflected by an amountd0! and the beam of
clusters that have been heated with a laser of intensityI @deflected
by an amount̂ d(I )&#. The experimental data is well fitted by th
model of absorption we have assumed~continuous curve!. The only
free parameter of the curve is the value ofb, the photoabsorption
cross section. In Co2002240 ~a! the curve is a straight line since th
magnetic moment per atom is fairly constant up to 900 K.
Fe1202140 ~b! the magnetic moment per atom falls quickly near 3
K and is responsible for the nonlinear curve.
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IV. RESULTS AND ANALYSIS

The results of the specific heat measurements are
sented in Figs. 5 and 6 together with the correspond
curves of the magnetic moment per atom as a function
temperature. The specific heat of a small ferromagnetic c
ter system is expected to be composed of different contr
tions. The main contribution to the specific heat comes fr
the lattice vibrations. If we consider only the harmonic ter
in the ionic interaction potential, it should converge to t
classical Dulong-Petit value@6 cal/~mol K!# at temperatures
higher than the Debye temperature.20 The cluster Debye tem
perature is expected to be reduced compared to its
counterpart since long wavelength excitations cannot be
tained in a finite system.8 Furthermore, apart from the elec
tronic specific heat due to the valence electrons, the o
contributions are related to one or more possible phase t
sitions that could occur in the cluster. For instance, it co
undergo a structural phase transition, from one structur
another one, or it could melt. In the case of a magnetic s
tem, we also expect to see a contribution from the magn
phase transition prominent near the Curie point.

Summarizing, we write for the total specific heat27

FIG. 5. Specific heat of Ni2002240 clusters. The experimenta
specific heat is displayed using black diamonds in the upper pa
the graph. The calibration~absolute! measurement has been done
room temperature and is displayed as a black square. The o
measurements are relative ones. The error on the calibratio
617% and arises mainly from the determination ofHzero. The
horizontal dashed line is the Dulong-Petit value of the specific h
The dash-dot curve is the magnetic contribution to the specific
in the mean field approximation. Finally, the continuous curve i
guide to the eyes. The experimental magnetic moment per ato
displayed using black triangles in the lower part of the graph. T
unit is the Bohr magneton (mB59.2741310224 J/T).
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C~T!5Clat~T!1Cel~T!1Ctrans~T!, ~7!

whereClat(T) is the lattice andCel(T) the electronic specific
heats andCtrans(T) represents contributions to the speci
heat from the different phase transitions.

For ferromagnetic bulk iron, cobalt and nickel, the sp
cific heat around the Curie temperature and the magn
moment are intimately related. The magnetic moment is
duced from the saturation magnetization. The ferromagn
to paramagnetic transition is a second order phase trans
which manifests itself by the loss of long-range ferroma
netic order. At the Curie temperature, the magnetic mom
value converges to zero and correspondingly the spe
heat reaches its maximum value. Despite some limitati
~see, for instance, Refs. 19 and 20!, the mean field, or Weiss
model allows a reasonable approximation of the magn
contribution to the total specific heat. In the framework
this model, the specific heat is given by19

CM~T!52
3NkBTC

2m0
2

j

j 11

dmat
2 ~T!

dT
, ~8!

whereN is the number of atoms,TC is the Curie temperature
m0 is the magnetic moment per atom,j 5m0mB

21g21 (g is
the gyromagnetic ratio!, and mat(T) is the temperature de
pendent magnetic moment.

In bulk ferromagnetic transition metals, this approxim
tion reproduces relatively well the shape and area of the s
cific heat associated with the magnetic phase transition. T
is true provided the experimental value ofTC is used since
the mean field model does not give a good quantitative e
mate of it. We have used a similar approach for the fer
magnetic clusters. The mean field specific heat is dedu
from Eq. ~8! using the experimental curve of the magne
moment per atom versus temperature,m(T)/N. This com-
puted contribution to the specific heat, which has a pur
magnetic character, is then compared to the measured
cific heat curve.

A. Nickel and cobalt clusters

The measurements on Ni2002240 clusters~Fig. 5! lead to a
specific heat curveC(T) which is easily interpreted in this
general frame. There is a broad peak centered atT5340 K
which adds to an approximately constant value of 6 cal/~mol
K! over the whole measurement range, 90–600 K. The
sition and the area of this peak are reasonably well appr
mated by the mean field model estimate of the specific h
Therefore, this peak certainly has a magnetic origin and
associated transition is the equivalent of the Curie poin
bulk nickel. The maximum of the mean field curve, whic
defines the Curie temperature in this case,21 is at T5420 K,
which is lower than its bulk counterpart, 625 K. Note that t
maximum ofC(T) occurs at a lower temperature than th
derived from the mean field approximation. The reason
this shift may be the mean field model overestimation of
transition temperature because it neglects the fluctuation28

Integration of the specific heat peak shows that the heat
sociated with the transition is 530 cal/mol~0.022 eV/atom!
which is higher than its bulk counterpart, 420 cal/mol~0.018
eV/atom!.27 The origin of this difference could be the en
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FIG. 6. Specific heat of iron clusters of increasing size range@~a! 120–140 atoms,~b! 200–220 atoms, and~c! 250–270 atoms#. The
symbols are the same as the ones used in Fig. 5. The error on the calibration is~a! 611%, ~b! 632%, and~c! 620%. 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
atoms clusters, the specific heat stays low when the magnetic moment starts to decrease in the 200–400 K temperature range.
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hanced magnetic moment of clusters compared to the b
but the experimental error bars and the somewhat arbitra
selected baseline in the integration of the peak make
conclusion difficult.
lk,
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There are no prominent features in the experimental s
cific heat curve of Co2002240 clusters. We observe a stead
increase from 5.5 cal/~mol K! at 300 K to 15 cal/~mol K! at
900 K. Unfortunately, measurements at higher temperatu
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to check the evolution of the specific heat curve cannot
achieved with our experimental setup. Further details
discussions are reported in Refs. 16 and 17.

B. Iron clusters

First, we present the specific heat of iron clusters in s
eral different size ranges, 120–140 atoms, 200–220 ato
and 250–290 atoms. The results~Fig. 6! are at first sight
similar to the specific heat curve of Ni2002240 clusters, show-
ing a wide and distinct specific heat peak. However, comb
ing a harmonic lattice specific heat with a contribution fro
a ferromagnetic to paramagnetic transition does not mo
accurately the experimental data.

First, the specific heat of iron clusters in the temperat
range 300–400 K is anomalously low, going down to 3 c
~mol K! in the case of Fe2502290. This is significantly lower
than the Dulong-Petit value. If the only contribution to th
specific heat was the harmonic lattice contribution, then
Debye temperature of Fe2502290 clusters, obtained by fitting a
Debye specific heat curve to the lowest value of the m
sured specific heat, would be approximately 2000 K. Co
paring this to the bulk value,uD5425 K,20 shows that the
Debye model is not suited to describe iron clusters.

Secondly, the mean field model does not correctly rep
duce the wide specific heat peak that we observe. Thi
apparent in the case of the Fe2502290 clusters where the mea
field model predicts a contribution of the magnetic system
the specific heat which is roughly constant up to 550
where it decreases, whereas the measured specific
shows a very distinct peak around 600 K. Moreover, cont
ily to the Ni case where the mean field analysis overestim
the position of the specific heat maximum as it could
expected,28 in the case of iron clusters the mean field und
estimates it.

Third, there is a temperature shift between the magn
moment decrease and the specific heat peak for each cl
size.

Fourthly, the experimental values do not converge to
bulk specific heat curve when the cluster size is increas
For the largest size range that we measured~370–420 atoms,
not presented! the specific heat at 377 K is still as low a
3.8410.1720.3 cal/~mol K!. The specific heat peak, whic
is observed atT5650 K in Fe1202140 clusters, stays aroun
T5600 K in Fe2002220 and Fe2502290 clusters. This shows no
sign of convergence towards the bulk iron value although
would expect this peak to shift to higher temperatures w
increasing sizes.

The anomalies, namely the low specific heat and the f
ure of the mean field model, get more pronounced when
size is increased from 130 to 270 atoms, and more gener
there is no sign of convergence towards the bulk beha
upon increasing the size. These observations suggest
iron clusters, unlike nickel ones, do not undergo a sim
ferromagnetic to paramagnetic transition. This leads us
question the mechanism that drives the magnetic transitio
Fe clusters. We consider four possible hypothesis: the p
ence of metastable isomers in the beam, the melting of
clusters, a surface demagnetization and finally a h
moment–low moment~HM-LM ! magnetic transition.

a. Metastable clusters?It is tempting to consider the pres
ence of metastable isomers in the beam to explain the
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specific heat. The presence of isomers in iron clusters p
duced by laser vaporization has been invoked to explain w
the determination of the iron cluster structure in a molecu
beam experiment is a difficult task.29 In this hypothesis,
some energy is released when the clusters go from the m
stable state to a lower energy state after the interaction w
photons. This makes the estimation of the specific heat
ficult because one does not know the total energy that c
tributes to the cluster heating. Indeed, if one considers o
the impinging photon energy, this underestimation leads
an incorrect, low value of the specific heat. When a Fe270

cluster at 300 K interacts with a single 532 nm photon,
temperature goes up by approximately 68 K. Using a sim
Arrhenius law to model the decay of the cluster metasta
state leads to the following conclusion. If such a low te
perature increase is enough to anneal the clusters and ca
relatively large error in the determination of the specific he
then a large proportion of the clusters should anneal spo
neously in flight even in the absence of heating, and
cluster mean temperature should increase markedly du
the time they spend in the beam before entering the ma
('1 ms!. Slow clusters should then be hotter~hence their
magnetization should be lower! than fast clusters, becaus
they have more time to anneal before interacting with
magnetic field, but we did not observe such a behavior.
though we do not know anything about the presence of
mers in the beam we can exclude their presence as a c
for the low specific heat.

b. Melting? Cluster melting can induce a specific he
increase in the critical region,13 equivalent to the latent hea
of fusion in the bulk, as well as a partial or total loss
magnetic order which is a consequence of the struct
change. While the wide specific heat bump in iron clusters
various sizes is not well described in the frame of the me
field model, the area under the peak~approximately 1300
cal/mol in the case of Fe1202140, Fe2002220 and Fe2502290
clusters! is lower than the total energy of the ordered sp
system, which is itself, in bulk iron, about 60% of the late
heat of fusion. If the iron clusters did really undergo a me
ing transition around 600 K, then the associated specific h
increase would reflect the melting as well as the ferrom
netic transition. This would lead to values of the specific h
higher than the ones we measured. This model has ano
flaw. The magnetic moment per atom of Fe2502290 decreases
in a temperature range where no increase in specific he
observed. Indeed, at 350 K, the specific heat is anomalo
low whereas the magnetic moment decrease is already
ible. This is incompatible with a model where the meltin
drives the magnetic transition. These observations lead to
conclusion that there is probably no melting occurring in ir
clusters, in the size and temperature ranges we conside

c. Surface demagnetization?The Curie temperature o
surfaces is known to be lower than the bulk one,30 mainly as
a result of the lower coordination. But the gradual, alm
linear decrease in magnetic moment that we observe
Fe2502290 clusters cannot be described by a model where
iron cluster surface, or the outermost shell, has a lower C
temperature than the inner shells. If it were the case, then
smaller Fe1202140 clusters would show an even more rap
decrease of their magnetic moment than the larger clus
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do, since they have proportionally more atoms on the s
face. Our measurements on iron clusters do not show
kind of behavior.

d. HM-LM transition?Finally, let us consider the poss
bility of a magnetic transition by first reviewing some pec
liarities of the coupling between structure and magnetism
iron. Under normal conditions, the crystalline structure
bulk iron changes from bcc to fcc at 1185 K, i.e., 142
above the Curie temperature. The bcc structure disapp
when the short-range ferromagnetic order vanishes. W
the exchange interaction term in the Hamiltonian of iron
not taken into account, the computed bulk iron structure
fcc, instead of bcc when the full Hamiltonian is used.31 Con-
sequently the iron structure is related to its magnetic c
pling and a modification of its structure may induce a ma
netic property change. Such an extreme sensibility of
magnetic properties on the geometrical environment is
ther observed nor predicted for Ni and Co.32–34

The iron fcc structure is stable only between 1185 K a
1663 K. The magnetic and structural properties of fcc iron
temperatures lower than 1185 K are scarcely known. It
been theoretically predicted35,36 that fcc iron could exist in at
least two different magnetic states: a high moment, high v
ume state@m5(2.3–2.8) mB/atom, lattice constant>3.6
Å# and a low moment one (m<1.6 mB/atom, with a lattice
constant between 3.5 and 3.6 Å!. Fcc iron is also believed to
exhibit strong magnetovolume effects and a noncollin
magnetic structure under compression.35,37 The experimental
situation is confusing. An antiferromagnetic low mome
('0.7 mB /atom! state, denotedg1, with a Neel temperature
of about 67 K has been identified, for instance in fcc ir
precipitates in supersaturated Fe-Cu alloys.38 On the other
hand, ferromagnetic fcc stable states, usually denotedg2,
have been reportedly observed in certain Fe solid solut
which adopt the fcc structure or from thin iron films grow
on a fcc substrate.39 In the latter case, external constraints a
applied to force the samples to adopt the fcc geometry.

Different stable geometric structures, which are imp
sible or thermodynamically unstable in the bulk, are c
rently observed in nanometer size materials.40 In the case of
iron clusters, we have clues about the structural parame
through indirect measurements. For instance, EXAFS m
surements on iron particles with diameters down to 9 Å em-
bedded in solid argon at 4.2 K indicate that their structure
close to the bcc bulk one.41 Smaller iron clusters have
structure consistent with a hcp or fcc bulk environme
More relevant to our work is a recent magnetic prope
study on pure ball-milled Fe crystallites with diamet
around 10 nm.42 These supported nanocrystals can be hea
up to 700 K readily. Mo¨ssbauer spectroscopy and HRTE
are consistent with a bcc structure of the crystallites. Ho
ever, annealing the particles to 570 K for 1 h transforms the
structure at the grain boundaries to fcc. This new iron ph
shows a reversible order-disorder magnetic transition at
proximately 500 K. It has been interpreted as a ferromagn
cally orderedg2-Fe phase having a lower magnetic mome
compared to the bcc phase.

The structures or the most common isomers of free i
clusters in the size range 100–1000 atoms are not yet kno
Near threshold photoionization and time of flight ma
spectroscopy29 at room temperature do not allow the assig
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ment of a single structure to iron clusters. Nevertheless
has been suggested that iron clusters probably do not k
the same structure over a large temperature range. Ind
clusters having less than 200 atoms show a different st
tured mass spectrum than larger clusters, probably indica
a structural change. Therefore, the exact structure of free
clusters is unknown, and could even change with tempe
ture. On the other hand, theoretical studies on complex
tems like iron aggregates with as much as 1000 atoms
notoriously difficult. Using an empirical many-body pote
tial, it has been shown43 that various cluster structures wit
different symmetries have a similar energy in the 100–10
atoms size range, actually leaving the question open.

By analogy with the results of Del Biancoet al.,42 we
believe that a HM-LM transition could play an importa
role in free iron clusters containing a few hundred of atom
In this sense, iron clusters would behave like theg2-Fe phase
at the grain boundaries of a nanocrystalline powder. A h
moment state is energetically favored at low temperatu
but a low moment magnetically ordered state exists a
higher energy, and can be thermally excited as it has b
proposed for Invar systems.44 The gradual transition from the
HM state to the LM state with increasing temperature p
duces the observed decrease in the magnetic moment, b
augmentation of the specific heat. Indeed, a magnetic o
exists for both HM and LM configurations and therefore t
entropy increase is only minimal. Since the LM state reac
its Curie temperature well before the HM state, it loses
order at moderate temperatures~500–600 K!, raising the en-
tropy of the magnetic system. This transition causes a s
cific heat increase but only a modest change in the magn
moment. This model describes qualitatively our magne
moment measurements and could explain the mean
model failure as well as the temperature shift between
magnetic moment decrease and specific heat peak. How
it does not describe the low specific heat at room tempera
and does not address why, upon increasing the size, the
cluster specific heat deviates more strongly from the b
behavior.

These particular features could result from the shape
the interatomic potential which is a consequence of the
istence of two distinct magnetic states with different latti
parameters.42 Suppose that the ionic interatomic potential h
a double well shape.35 One well corresponds to the HM sta
and the other one, at a higher energy and with a lower lat
constant, arises from the metastable LM state. Unlike
purely harmonic interaction, this peculiar interatomic pote
tial has not equidistant energy levels. In an energy ra
close to the metastable state energy, the distribution of
vibrational levels is modified.45 For instance, the energy ga
between two consecutive levels could be increased comp
to the harmonic case and thereby affects the thermal be
ior of the system. The vibrational specific heat could exhi
a two-bump structure, in which case the classical Dulo
Petit value is reached well above the Debye temperat
Thus, unlike a purely harmonic interatomic potential, a tw
state model with a double well shape ionic interaction pot
tial may explain the low value of the room temperature s
cific heat.

Moreover, in such a double well potential, the transiti
between the HM to the LM states is governed by many f
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tors: the energy difference and the energy barrier betw
the HM and the LM states, and the exact details of the
tential wells. Since the size of the iron clusters is very sm
we believe that these parameters might fluctuate from siz
size. For instance, Fe2502290 could possibly have a lowe
energy barrier than Fe1202140, and therefore it would trans
form at a lower temperature and over a broader tempera
range. Since we do not know the exact interatomic poten
landscape, this last suggestion deserves further attention

V. CONCLUSION

We have presented a detailed method for the meas
ment of the specific heat of free ferromagnetic clusters. T
only requirement for this type of measurement is the ex
tence of a physical property of the clusters which var
monotonically with temperature and can be measured
en
o-
ll,
to

re
ial

re-
he
s-
s
in

flight. While the specific heat of nickel clusters, and to
lesser extent cobalt clusters, is consistent with simple th
retical predictions based on the mean field model of fer
magnetism, iron clusters show an anomalous thermal be
ior. The specific heat is low particularly around 300–400
and its peak cannot be explained invoking a mean field
gument. Although we suggested a mechanism to accoun
these experimental observations, the magnetism of iron
mains a complicated topic that has not delivered all
secrets.
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