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Simultaneous magnetic and electric deflection measurements of rhodium clusters (RhN , 6 ≤ N ≤ 40)
reveal ferromagnetism and ferroelectricity at low temperatures, while neither property exists in the bulk
metal. Temperature-independent magnetic moments (up to 1μB per atom) are observed, and super-
paramagnetic blocking temperatures up to 20 K. Ferroelectric dipole moments on the order of 1D with
transition temperatures up to 30 K are observed. Ferromagnetism and ferroelectricity coexist in rhodium
clusters in the measured size range, with size-dependent variations in the transition temperatures that tend
to be anticorrelated in the range n ¼ 6–25. Both effects diminish with size and essentially vanish at
N ¼ 40. The ferroelectric properties suggest a Jahn-Teller ground state. These experiments represent the
first example of multiferroic behavior in pure metal clusters.
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The 4d and 5d transition-metal clusters are particularly
interesting because magnetism can be stabilized on the
nanoscale, despite the nonmagnetic character of their bulk
materials. Rhodium stands out because it is located at the
center of the periodic table with an unfilled 4d shell, which
produces rich physical and chemical properties. Rhodium
clusters have been intensively studied by using theoretical
methods [1–6] to understand their catalytic properties and
the emergence of the electronic and magnetic properties
[7–10]. Small rhodium clusters were found to possess
magnetic moments [11,12] on the order of one Bohr
magneton (1μB) per atom, making this the only 4d element
with magnetic order at the nanoscale and with Mn [13] the
only known elements that are magnetic at nanoscale but not
in the bulk.
Prior electric polarizability measurements of rhodium

clusters, performed at T ¼ 49 K [14] revealed electric
dipole moments in Rh7 and Rh10. Because of its temper-
ature dependence, Rh10 was classified as paraelectric [14]
(i.e., a ferroelectric above its transition temperature). Since
multiferroics are materials that simultaneously exhibit more
than one primary ferroic order [15–17], the earlier experi-
ments suggest that small rhodium clusters might be multi-
ferroic at low temperatures. Coexistence of ferroelectric
and ferromagnetic order had been predicted in tantalum
clusters [18]. While tantalum clusters are indeed ferroelec-
tric at low temperature, our investigations found odd-N TaN
clusters to be paramagnetic and even-N clusters to be
nonmagnetic at all temperatures. These considerations
motivated the search for multiferroic order in RhN pre-
sented here.
Our cryogenic molecular beam apparatus is uniquely

suited for this task, because magnetic and electric deflec-
tion measurements can be performed under identical

conditions. The clusters are produced in a cryogenic pulsed
laser vaporization cluster source, and they are detected in a
high-resolution, position-sensitive time-of-flight mass
spectrometer, where the mass and deflection of the clusters
in the beam are individually measured and recorded.
Specifically (for details, see, for example, [19,20]), a beam
of clusters is ejected from a well-thermalized helium-filled
chamber in the source, whose temperature T can be
accurately adjusted from T ¼ 20 K to T ¼ 300 K. The
beam is collimated to 0.3 mm. After passing through an
inhomogeneous magnetic field (using a Stern-Gerlach
magnet) and an inhomogeneous electric field (two-wire
field), the clusters arrive at the mass spectrometer 2 m away,
where they are (singly) ionized by using a pulsed excimer
laser before entering the mass spectrometer. The deflections
can be measured with sensitivities of up to a few microns.
While individual (isolated) clusters in the beam do not

have a defined temperature (because the internal state of
each isolated cluster in the beam is fixed), the ensemble
of clusters in the beam represents a “frozen” canonical
ensemble reflecting the source temperature Therefore, the
average properties of the ensemble of clusters in the beam
are properly described in terms of the source temperature
and applied fields [21,22].
Figure 1 shows the magnetic deflection profile for several

representative rhodium clusters at T ¼ 20 K and T ¼ 40 K.
Several clusters (for example, Rh18; see also Supplemental
Material [23]) show a deflection profile (red, lighter) that is
slightly broadened compared with the 0 field peak (blue,
darker), characteristic of ferromagnetic clusters. Others (for
example, Rh7, Rh8, and Rh17 shown in Fig. 1) show bimodal
deflections, consisting of a central peak superimposed on a
broad plateau. The plateau diminishes with increasing
temperature, while the central peak increases.
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The magnetization M of a cluster is found from its
deflection d by d ¼ KMðMI=mv2Þ, where I is the magnet
current, m is the cluster mass, v is the cluster velocity, and
KM is a constant. References [21,22] explicitly demonstrate
that the ensemble average magnetization of ferromagnetic
clusters, whose magnetic moment (i.e., total spin) is
coupled to the rotations (not to a cluster axis), follows
the Langevin equation (at least in the extremes of low and
high magnetic fields). Consequently, for RhN

ðkBT ≫ μNBÞ; ð1Þ

ðkBT ≪ μNBÞ; ð2Þ

where μ is the magnetic moment per atom and M is the
magnetization.
The magnetic moments derived from the central peak

position are shown in Fig. 2. Note their temperature
independence. On the other hand, if the spin is strongly
coupled to an axis in the cluster (i.e., locked), then the
magnetic moment distributions are significantly modified,
resulting in a broad flat distribution extending from
M ¼ −μN to þμN (see, for example, [20]). This “locked
moment” behavior [24], first observed in rare earth clusters
[25], is also clearly seen in several Rh clusters as shown in
Fig. 1. The transition from Langevin-like behavior to
locked behavior is seen in several clusters that show a
relatively sharp peak (due to unlocked moments) super-
imposed on a broad plateau (due to locked moments) and
the central peak increases in intensity with increasing
temperature. The transition from locked to free motion
with increasing temperature is well known in superpara-
magnets [25] and molecular magnets [26].
The total energy E of an individual cluster in a molecular

beam is fixed (for a discussion of their ferromagnetic
properties in a molecular beam, see Ref. [21]). At cryogenic
temperatures, clusters are (typically) in the ground vibra-
tional states (due to the large Debye temperature) and in
highly excited rotational states (due to the large moment of
inertia I). Therefore, in the simplest approximation, we
assume that the uncoupling of the spin from the cluster axis
(unlocking) at cryogenic temperatures occurs when the
rotational energy exceeds a critical (cluster-dependent)
value ELMðNÞ (corresponding to a transition from
Hund’s coupling case a to coupling case b in paramagnetic
molecules [23]). For slightly asymmetric clusters, the

FIG. 2 (color online). Magnetic moments per atom of RhN
measured at T ¼ 20 K (blue line) and T ¼ 40 K (red dashed
line). These values are consistent with those measured at a
higher temperature (from 60 to 300 K) [11,12], showing that
the magnetic moment per atom, that is determined from the
deflection of the central peak, is temperature independent.

FIG. 1 (color online). Magnetic deflection profiles of four
representative rhodium clusters at T ¼ 20 K and T ¼ 40 K,
without (blue, darker) and with (red, lighter) a magnetic field
(0.93 T). Notice that, at 20 K, the deflected profiles of Rh7 (a1),
Rh8 (b1), and Rh17 (c1) show typical locked moment deflections,
resulting in broad plateaus with wings that extend in the positive
and negative direction. The relatively narrow, slightly deflected
central peak is on the top of the plateau. Rh18 (d1) has a simple
deflection peak, typical of (unlocked) ferromagnetic behavior. At
40 K, the wings for Rh7 (a2), Rh8 (b2), and Rh17 (c2) are
significantly reduced (with a corresponding increase in the peak)
characteristic of the “unlocking” of the magnetic moment.
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density of rotational states is approximately constant:
nrot ¼ 2I=ℏ2 [23]. Consequently, the probability that
a specific cluster will emerge from the source with
(rotational) energy below ELMðNÞ is given by

SLMðN; TÞ ¼ 1 − eðELMðNÞ=kBTÞ ¼ 1 − eð−TLMðNÞ=TÞ: ð3Þ

Since both the locked and unlocked components are
clearly distinguished, this allows the transition temperature
TLMðNÞ ¼ ELMðNÞ=kB to be determined.
We next turn to the electric deflections. Electric deflec-

tion beam profiles of several clusters at T ¼ 20 and 40 K
are shown in Fig. 3. The per-atom polarizabilities are
determined from the average electric deflections x̄ (Fig. 4)

by using x̄ ¼ KðαV2=mv2Þ, where m is the cluster mass, V
is the deflection plate voltage, and K is constant. In the
metallic sphere picture, the polarizability αN of a metallic
cluster can be written as

αN ¼ 4πε0R3
N ¼ 4πε0ðN−1=3R0 þ dNÞ3; ð4Þ

where RN is the screening radius, R0 is the atomic radius in
the bulk, and dN is the “spillout” (typically on the order of
1 Å) indicating the distance beyond the classical radius
where external electric fields are screened [27]. This first-
order approximation for metal cluster polarizabilities
applies reasonably well even to nonspherical clusters
[27–30]. Size-dependent deviations from Eq. (4) (typically
on the order of 10%) are observed in various clusters have
been ascribed to electronic structure and shapes [14]. The
metallic screening picture describes the response of metal
clusters to electric fields in most cases. For RhN, d ≈ 0.5 Å,
see Fig. 4.
However, note in Fig. 3 that the integrated intensity of

the deflected beam (i.e., the area of the electric deflected
peaks) is reduced compared with the undeflected beam.
This behavior is a well-known signature of ferroelectric
clusters [18] for which the electric deflections are bimodal.
Specifically, the reduction results from relatively large
electric dipole moments causing clusters to deflect well
beyond the detector window. For example, for Rh18 the
intensity is depleted by about 0.28. Hence, the deflections

FIG. 3 (color online). Electric deflection profiles of four
representative rhodium clusters at T ¼ 20 K (left column) and
T ¼ 40 K (right column), without (blue) and with (red) an
electric field E ¼ 80 kV=cm. Notice that Rh19 (b1) and Rh21
(d1) exhibit normal metallic polarizabilities resulting in uniform
deflections, while Rh18 (a1) and Rh20 (c1) show ferroelectric
behavior [18,19], with significant intensity loss and broadened
peaks. The green arrows show the intensity loss, i.e., the
ferroelectric fraction, corresponding to the fraction of the clusters
that are deflected beyond the detector window. The ferroelectric
fractions at T ¼ 40 K are smaller than at T ¼ 20 K, consistent
with Eq. (5).

FIG. 4 (color online). Electric polarizabilities per atom of
rhodium clusters measured at T ¼ 20 K (blue line) and T ¼
40 K (red dashed line), as determined from the electric deflection
profiles (Fig. 3) using Gaussian fits. The metallic sphere value is
3.28 × 10−30 m3 (4πεo), black dashed line. The top black dashed
curve represents Eq. (4) with dN ¼ 0.5 Å [14,31], approximating
the 40 K data reasonably well. The 20 K measurements show
generally reduced values (yet still greater than the metallic sphere
value) and size-dependent fluctuations as also seen in Ref. [14].

PRL 113, 157203 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

10 OCTOBER 2014

157203-3



consist of a normal component with polarizabilities that are
in the expected metal cluster range as shown above (Fig. 4)
and a ferroelectric component consisting of clusters with
large electric dipole moments to produce an essentially
single-sided “tail” that ranges far beyond the detector
window. The values of the dipole moments are not of
importance here (they are found to be on the order of 1D;
see Supplemental Material [23]). The ferroelectric fraction
SG (i.e., the magnitude of the ferroelectric component)
is temperature- and cluster-size-dependent, diminishing
and ultimately vanishing at high temperature. As seen
in Fig. 2 for Rh18, SGðN ¼ 18; T ¼ 20 KÞ ¼ 0.28, while
SGðN ¼ 18; T ¼ 40 KÞ ¼ 0.10. The values for other clus-
ters are given in Supplemental Material [23]. For all
clusters, SG ¼ 0 at T ¼ 300 K [14] (see Supplemental
Material [23]).
The polarizabilities (of the normal components) of

clusters with large SG (i.e., N ¼ 7, 18, and 20, at
T ¼ 20 K) are systematically somewhat smaller compared
with those with small SG, while the deflected peaks are
slightly broader. These variations diminish with increasing
temperature, and already at T ¼ 40 K (Fig. 3) the polar-
izabilities of most clusters are close to their high temper-
ature values (see Supplemental Material [23]), where the
ferroelectric fractions are vanishingly small.
Note that the behavior observed here is distinct from that

observed for clusters with large permanent electric dipole
moments, which do not exhibit bimodal deflections. For
polar clusters the deflected peaks exhibit essentially sym-
metric broadening (due to the random initial orientation of
the dipoles in the deflecting fields [24,32–34]) super-
imposed on a uniform deflection (due to the usual cluster
polarizability). More importantly, the dipoles persist at all
temperatures, and there is no transition to normal metallic
screening behavior [Eq. (4)].
In order to quantify the ferroelectric fraction, we follow

the simple picture outlined in Ref. [18]. As for the magnetic
transition above, we assume that the transition from
ferroelectric to metallic behavior involves an excitation
of a single harmonic mode in the cluster, with a character-
istic energy ℏωG. If in a specific cluster the excitation n of
this mode exceeds Emin so that n ¼ Emin=ℏωG, then the
cluster will exhibit normal properties; below this energy, it
is ferroelectric. Consequently, the fraction of clusters in the
ferroelectric state in the beam is

SGðN; TÞ ¼ 1 − e−½TGðNÞ=T�; ð5Þ

where TGðNÞ ¼ Emin=kB is the transition temperature for a
cluster with size N.
The transition temperatures determined from Eq. (5) for

these clusters is shown in Fig. 5 (shown in red). Note
that the temperatures are below 10 K. [Figure 5 also reports
the magnetic transition temperatures determined from
Eq. (3) (blue).]

Note that characteristic vibrational energies are on the
order of the Debye temperature (i.e., 350 K for Rh) and that
characteristic electronic energies are on the order of EF=N
(corresponding to at least hundreds of degrees), where EF
is the Fermi energy (see, for example, [35]). Consequently,
the ferroelectric transition is not mediated by a (pure)
electronic excitation or a (pure) vibration in the cluster.
However, it may be a vibronic mode that is a combination
of the two, as, for example, in the Jahn-Teller effect.
Symmetry-breaking Jahn-Teller distortions can cause ferro-
electricity [36] and also typically give rise to low energy
vibronic modes [37]. In general, excitations of these modes
restore the original symmetry and thereby cause the
ferroelectric dipole moment to vanish. Hence, the ferro-
electric properties may be caused by the Jahn-Teller effect.
While the generic discussion above is probably correct,

the exact mechanism by which the electric dipole moments
are created is clearly not explained. We emphasize that
asymmetry (or the lack of inversion symmetry) itself is not
sufficient to cause significant electric dipole moments in
metal clusters as explicitly experimentally demonstrated in
Ref. [30]. In prior work, we argued that electronic corre-
lations, probably related to superconducting pairing inter-
actions, combined with Jahn-Teller distortions play a role
in the ferroelectric behavior of vanadium, tantalum, and
niobium clusters. It was argued that correlations can cause
the electronic structure to become rigid, thereby reducing
electronic screening. In the present case, electron pairing is
probably not the cause, since there is no evidence for an
even-odd effect. Moreover, the superconducting transition
in Rh is exceptionally small (0.36 mK) [38], and, fur-
thermore, ferromagnetism generally suppresses electron
pairing.

FIG. 5 (color online). Transition temperatures from locked
magnetic moments to unlocked moments TLMðNÞ (blue) and
the ferroelectric transition temperature TFEðNÞ (red, values
multiplied by 3), using Eqs. (3) and (5), respectively. Note that
size-dependent variations in TLMðNÞ and TFEðNÞ tend to be
anticorrelated.
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As can be seen in Fig. 5, cluster-size-dependent variations
in the transition temperatures TLMðNÞ and TFEðNÞ tend to
be anticorrelated. Even if the harmonic approximation used
to extract these transition temperatures is not precise, it is
fairly certain that the overall trends will be maintained in a
more accurate description. In any case, this inverse relation-
ship implies that the magnitude of the vibronic coupling
causing ferroelectric effect is inversely related to the mag-
nitude of the spin-orbit coupling that ultimately causes the
magnetic anisotropy (and the coupling of the spin to cluster).
We are not aware if a related competition between ferroic
orders occurs in other multiferroic systems. It is also
particularly interesting to note that both the magnetic
moment and the ferroelectric diminish uniformly with
increasing size and essentially vanish for N ¼ 40.
In conclusion, we have presented the first example of

multiferroic behavior in metal clusters. The fact that it is
observed in rhodium clusters is even more striking, since this
metal is neither ferromagnetic nor ferroelectric in the bulk.
Yet these properties emerge simultaneously in small clusters
and vanish more or less uniformlywith increasing size. From
a broader perspective, the emergence of ferroelectricity in
small metal clusters appears to be mediated by very low
energy excitations, possibly involving a single vibronicmode
that is associated with a broken symmetry ground state.
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