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Magnetic moments of small bimetallic clusters: Co,Mn,,
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The magnetic properties of cobalt-manganese binary clusters Co,Mn,, (n+m=11-29) were investigated

using a Stern-Gerlach molecular beam deflection technique. One-sided beam deflections, signifying superpara-
magnetic behavior, were observed at temperatures of 90 K and higher. In most cases, the magnetic moments of
Co,Mn,, clusters were similar to those of Co, clusters containing the same total number of atoms. The
magnitude of the magnetic moments measured are significantly larger than would be expected based on the
susceptibilities of the corresponding bulk Co;_Mn, alloys.
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I. INTRODUCTION

Transition metal clusters containing up to ~10° atoms
have been shown to exhibit novel magnetic behavior includ-
ing nonbulklike magnetic ordering and unusually large mag-
netic moments.'~8 Stern-Gerlach molecular beam deflection
experiments*>°-18 have proven to be useful for uncovering
such behavior, as this approach allows chemically pure metal
clusters to be prepared and studied with unit size resolution
in isolated (i.e., matrix- and substrate-free) form. In addition
to their value as tractable models for probing the size evolu-
tion of magnetic properties in reduced dimensions, small
magnetic clusters are promising building blocks for magnetic
nanomatericals, offering both size and composition
tunability.'”

The majority of cluster magnetism studies performed to
date have involved clusters composed of a single metal. The
rich and varied magnetic behavior displayed by bulk binary
alloys®” suggests that bimetallic clusters may display inter-
esting and potentially useful magnetic properties as well.
Thus far, there have been few investigations of the magnetic
properties of binary clusters systems. Hihara et al. performed
magnetic deflection studies of Co,Bi,, clusters and obtained
results consistent with segregated structures consisting of
ferromagnetic Co, “cores” with a perturbing surroundings
(or interface) of Bi atoms.!” In another molecular beam de-
flection study, Pokrant and Becker found that Dy,Bi and
Dy, Bi, clusters possessed higher moments than the corre-
sponding pure Dy, clusters, and attributed this observation to
the electron withdrawing effects of the electronegative Bi
heteroatoms.'® Recently, Yin e al. investigated the properties
of Bi,Mn,, clusters and found either ferromagnetic or ferri-
magnetic coupling behavior among the manganese atoms,
depending on size and composition.?!

In this paper, we report a molecular beam deflection in-
vestigation of the magnetic properties of a binary cluster sys-
tem composed of two transition metals: Co,Mn,, (n+m
=11-29). It is found that small Co,Mn,, clusters are super-
paramagnets at temperatures substantially above the ordering
temperatures of the corresponding Co;_,Mn, alloys, and that
they possess mean per-atom moments that are substantially
larger.

II. EXPERIMENTAL METHODS

The experimental methods have been provided in detail
previously.>'® The experiment was performed using a four-

1098-0121/2007/75(1)/014401(6)

014401-1

PACS number(s): 82.80.Rt, 36.40.Cg, 39.10.+j

stage, differentially pumped molecular beam apparatus.
Clusters were produced via pulsed laser vaporization from
cylindrical cobalt-manganese alloy target rods (CoggsMny ;s
or CoysMngys, 99.9%, THM Inc.) housed in an aluminum
source block through which helium flowed continuously at a
pressure of about 10 mbar.?? The laser vaporization source
was coupled to a high aspect ratio flow tube (9 cm length
X0.3 cm dia.), the temperature of which can be controlled
between 50 and 300 K. The residence time of the clusters
within the flow tube (~4 ms) was sufficient to ensure that
they were equilibrated to the flow tube temperature prior to
expansion into vacuum.?® The clusters expanded into
vacuum though a 1.2 mm dia. orifice at the end of the flow
tube. Under these mild expansion conditions, little super-
sonic cooling of the clusters’ vibronic degrees of freedom is
expected,?* so that the post-expansion cluster temperature is
estimated to be close (within ~5 K) to that of the flow tube.
The expanding jet was skimmed into a molecular beam,
which passed through a gradient dipole magnet® capable of
producing B fields of up to ~1.2 T and gradients (JB/dz) up
to ~210 Tm™! in the center of the gap. The clusters were
then ionized with a spatially expanded ArF excimer laser
(A=193 nm), with the resulting singly ionized clusters de-
tected mass-specifically via time-of-flight mass spectrometry.
The fluence of the ionization laser was sufficiently low that
neither fragmentation nor heating of the clusters
occurred.?>?%27 The mass spectrometer was operated either
in space-focusing (Wiley-McLaren) mode or in position-
sensitive mode'®?%2° 0.9 m downbeam of the magnet exit
slit. The position-sensitive time-of-flight (PSTOF) technique
allows the spatial distributions of clusters in a molecular
beam to be mapped onto the time-domain and thus recorded
using a digital oscilloscope. The spatial deflections of the
clusters in the beam were independently measured by quan-
titatively comparing the field on vs field off PSTOF peak
profiles as described below.

For differential deflection experiments, a movable slit/
beamstop assembly was positioned in the molecular beam
path just prior to the TOF ionization region; in this configu-
ration, the mass spectrometer was operated in high-
resolution mode. This setup is shown schematically in Fig. 1.

III. RESULTS

A. The distribution of cluster compositions

The use of CojgsMny 5 and Coy sMn 5 laser vaporization
targets permitted production of Co,Mn,, cluster distributions
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FIG. 1. (Color online) Schematic representation of beam deflec-
tion setup with a movable beamstop and slit in the beam path down-
beam of the magnet. The undeflected cluster beam with the field off
(shown as the horizontal beam at the bottom of each figure) strikes
the beam stop. Top: With the field applied, all clusters in a given
(narrow) mass range in are deflected by the same magnitude and
pass through the slit to the detector. Bottom: Clusters are deflected
by different magnitudes. In this case, only a subset of the clusters
(e.g., those with a certain composition) are deflected through the
slit.

ranging from highly cobalt rich to slightly cobalt rich (target
fabrication difficulties precluded the production highly
manganese-rich clusters). Magnified portions of high-mass-
resolution time-of-flight spectra recorded using the
CoggsMng ;5 and CoysMny s targets are shown in Fig. 2,
along with a mass spectrum recorded for pure cobalt clusters.
The mass spectra obtained using the Co-Mn alloy targets
consist of groups of mass peaks corresponding to masses of
a given N=n+m. The average manganese fraction xy;,(N) in
each group of a given N, was determined from the measured
Co,Mn,, mass peak areas I(n,m) corresponding to clusters
possessing m manganese atoms via

N = X mlnm) /| N X I(nm), (1)

where the summation limits m,;, and m,,,, correspond the
most manganese-deficient and manganese-rich peaks mea-
surable above the noise in the mass spectrum. The values of
Xwvn(N) obtained using both the CoygsMny ;5 and Coy sMny 5
targets are plotted as a function of N in Fig. 3. It can be seen
that the Co,Mn,, cluster distributions are somewhat more
manganese-deficient than would be expected for statistical
growth (i.e., Xy <Xpuw)> particularly for smaller clusters.
The propensity for the production of Co-rich Co,Mn,, clus-
ters via co-nucleation of Co and Mn atoms has also been
observed by Sone et al., who used independent Co and Mn
vaporization targets’® and by Yin,3! who used alloy target
similar to those used in the present study. This phenomenon
is likely the end result of differences in the nucleation rates
for cobalt vs manganese atoms within the cluster source.

B. Deflection and broadening behavior

With the mass spectrometer operated in high-resolution
mode, the various Co,Mn,, mass peaks are resolved even for
the highest cluster group investigated (N=29), however, as
shown in Fig. 4, operation in position-sensitive mode signifi-
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FIG. 2. Cluster time-of-flight spectra for N=13-15 recorded in
the high-resolution (space-focusing) mode using targets of varying
composition. Top: Pure cobalt; Middle: CojgsMn 5; Bottom:
Cog 50Mng 59. Mass peaks are labeled according to .
cantly reduces the mass resolution of the instrument. This
reduction in mass resolution precluded the complete separa-
tion of the individual n,m mass peaks, such that it was only
possible to measure and analyze the field-induced beam de-
flection for a cluster group of given N.

Two types of beam deflection behavior were observed. At
source temperatures of 90 K and above, the PSTOF mass
peaks of all Co,Mn,, cluster groups produced with both the
CojgsMng ;5 and Coq sMny 5 targets shifted uniformly toward
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FIG. 3. (Color online) Manganese cluster fractions Xy,(N) com-
puted from mass peak intensities [see Eq. (1)].
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FIG. 4. (Color online) TOF profiles for Co,Mn,, (n+m=13)
generated with the Co( soMn 5, target. Top: Space focusing mode.
Mass peaks are labeled according to . Bottom: Position sensitive
mode. Solid trace, deflection field off. Dashed trace, deflection field
on (B=0.40 T, B/9z=82 Tm™").
high field (+z) direction, signifying superparamagnetic3>33
(or adiabatic magnetization®*) behavior. A qualitative change
in deflection behavior was observed for at 7=55+5 K for
certain small, cobalt-rich cluster groups produced using the
Cop gsMny ;5 target. In particular, it was observed that the
N=9 and 10 cluster groups produced Co,gsMn 5 target ex-
hibited substantial beam broadening. This behavior indicates
that some fraction of the N=9 and 10 clusters produced at
55 K are no longer superparamagnetic, but rather possess
moments that are rigidly fixed to their molecular frameworks
at they tumble through the magnet. Such behavior has been
observed in small manganese clusters® and cobalt clusters,
and is analogous to the blocked states observed for magnetic
nanoparticles at sufficiently low temperatures.3¢-37

Observation of superparamagnetic behavior allows the
magnetization (M,) of each cluster group to be determined
from the magnitude of the spatial deflections, as described in
detail elsewhere.>'® The intrinsic cluster magnetic moments
u were calculated from the measured (M,) using the Curie
Law: (M,)=u’B/3kT. The justification for, and range of
applicability of this thermodynamics-based analysis are
discussed in detail elsewhere.”*>3% The mean per-atom
moments pu=u/N for N=11-29 are shown in Fig. 5
(Cop gsMn ;5 target) and Fig. 6 (Co,soMny s, target) along
with jz values previously reported for pure Co,, clusters® and
the predictions of the Slater-Pauling model (vide infra).

Because it was not possible to resolve the individual n,m
mass peaks in the PSTOF spectra, the values of u obtained
from analysis of the deflection profiles are necessarily an

PHYSICAL REVIEW B 75, 014401 (2007)

490 ——7 71T T T T T T 1 .
~ 35F ]
3 : ]
§ 3ol b
® C ]
8 25l ]
£ g ]
] C 1
£ 20 ]
E : ]

15 [ ]

1.0 5 L 1 L 1 L 1 L I L 1 L I L 1 L 1 L 1 L

10 12 14 16 18 20 22 24 26 28 30

FIG. 5. (Color online) Magnetic moments per atom x of Co,
(®) (Ref. 35) and Co,Mn,, clusters (A) produced with the
CopgsMny 5 target (this work) as a function of the total number of
atoms N=n+m. The predictions of the Slater-Pauling model com-
puted from the measured cluster compositions are also shown (4).
The cluster source temperatures were as follows: Pure Co,: 150 K;
Co,Mn,, 91 K.

average weighted by the I(n,m) within the cluster group [see
Eq. (1)]. However, qualitative information regarding the rela-
tive magnetic moments of the individual n,m species within
a group N was obtained in a differential deflection experi-
ment. The experiment, shown schematically in Fig. 1, was
performed by positioning a beam stop containing a slit into
the cluster beam between the magnet and TOF mass spec-
trometer, which was operated in high-resolution mode. The
position of slit was adjusted slightly to the high-field (+z)
side of the cluster beam, such that no (or few) clusters passed
to the TOF spectrometer with the deflection field off. When
the deflection field was applied, a small fraction of deflected
clusters in the beam passed through the slit and on to the
TOF mass spectrometer where they were detected in the
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FIG. 6. (Color online) Magnetic moments per atom i of Co,
(®) (Ref. 35) and Co,Mn,, clusters (A) produced with the
Coyp.50Mny 5 target (this work) as a function of the total number of
atoms N=n+m. The predictions of the Slater-Pauling model com-
puted from the measured cluster compositions are also shown (4 ).
The cluster source temperatures were as follows: Pure Co,: 150 K;
Co,Mn,, 161 K.
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FIG. 7. High-resolution TOF spectra recorded for N=10-13
clusters produced using the Co,gsMn ;5 target. Top: full-beam ref-
erence spectrum recorded with the slit and beamstop removed from
the cluster beam path. Bottom: spectrum recorded using the differ-
ential deflection setup (see Fig. 1). The field-off spectrum is shown
below the field-on spectrum.

usual fashion. Shown in Figs. 7 and 8 are high-resolution
TOF spectra recorded for clusters produced at 90+5 K using
the CoggsMny 5 and Cog50Mn 5 targets, respectively, both
with no slit in the path (full beam), and with the slit posi-
tioned above the beam zero-field center line as described

ion intensity (arb. units)

1 1 1 1 1 1

time-of-flight (arb. units)

FIG. 8. High-resolution TOF spectra recorded for N=12-15
clusters produced using the CogsoMngsg;5 target. Top: full-beam
reference spectrum recorded with the slit and beamstop removed
from the cluster beam path. Bottom: spectrum recorded using the
differential deflection setup (see Fig. 1).
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above. It can be seen that in both cases there are no substan-
tial differences in the cluster intensity distributions of the full
cluster beam vs the beams deflected through the slit. This
result shows (qualitatively) that each cluster composition
n,m within a group is deflected by approximately the same
amount as the others regardless of manganese content, im-
plying that moments of the various n,m species within a
given group N are of the same general magnitude. Differen-
tial deflection studies of clusters produced at temperatures of
160 and 295 K produced the same qualitative result.

IV. DISCUSSION

As shown in Figs. 5 and 6, the per-atom moments of the
Co,Mn,, clusters are similar to or, in some cases, slightly
larger than those measured® pure Co,, clusters. Clusters hav-
ing a minority Mn content as produced with the Co, gsMny ;5
target (see Fig. 2) have moments that are similar to those of
the pure cobalt clusters having the same total number of
atoms. Likewise, clusters produced with the Co soMn, 5 tar-
get are of similar magnitude as the corresponding pure Co,
clusters, except for N=11-14 clusters, which possess mo-
ments that are somewhat larger. These results show that Mn-
for-Co substitution does not lead to a substantial change in
cluster moments. This conclusion is supported by the differ-
ential deflection experiments (Figs. 7 and 8), in which it is
seen that the n,m distributions of the deflected clusters are
similar to the full-beam distributions recorded with the de-
flection field off.

That Mn-for-Co substitution does not lead to a substantial
net change in cluster magnetic moments is a result that
would not be anticipated based on the magnetic properties of
the bulk alloys.’¥*% At T=150 K, bulk Co,_,Mn, alloys dis-
play susceptibilities**3-50 in the range 1-3 X 1073, reflect-
ing a variety of nonferromagnetic phases including ferro-
magnetic short-range order (x=0.25-0.30), paramagnetism
(x=0.30-0.35), antiferromagnetic short-range order (x
=0.35-0.43) and antiferromagnetism (x>0.43).47°1 Al-
though the boundaries between these various magnetic
phases vary somewhat with temperature, susceptibilities of
similar magnitude are observed within this range of compo-
sitions from T=0 K to 400 K. #4849

Both cobalt and manganese are magnetically ordered as
solids: Cobalt is ferromagnetic up to 1388 K, whereas man-
ganese is antiferromagnetically ordered up to 95 K.2*52 Neu-
tron scattering studies of Co;_,Mn, alloys have been used to
determine the variation individual atomics moments ¢, and
Mayn With increasing Mn:Co ratio. The results are summa-
rized in Fig. 9. On the cobalt-rich side of the phase diagram
the atomic moments of Co and Mn are aligned antiferromag-
netically, with the magnitude of both uc, and uy, decreasing
montonically with increasing Mn content such that the mean
per-atom moment of the alloy g=xuc,+(1—x)uy, also de-
creases strongly with Mn content,*#7>! from @=1.72u, at
x=0 to =0, at x=0.32.** Accompanying the decrease in
o with increasing Mn content is a monontonic decrease in
the ordering temperature, from 1388 K for x=0 to ~0 K for
x=0.25.431 Co,_,Mn, alloys deviate strongly from the
Slater-Pauling (S-P) model>® of 3d alloy itinerant ferromag-
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FIG. 9. (Color online) Magnetic moments ey, Mg and &
=(1=x)puco+xupg, for bulk Co;_ Mn, alloys as determined from
neutron scattering. The negative sign for wuy, signifies its antiferro-
magnetic alignment with respect to uc,.

netism, in which simple valence electron counting rules in
conjunction with the rigid-band assumption is used to predict
the average magnetic moment & as a function of composi-
tion. When applied to the Co;_ Mn, system, the S-P model
predicts an incremental increase in the average moment i
upon Mn-for-Co substitution: (di/dx),_,o=+2u,. This pre-
diction is clearly at odds with what has been determined
experimentally for Co;_Mn, alloys.

Co,Mn,, clusters possessing susceptibilities of the same
magnitude as those of the non-ferromagnetic Co;_ Mn, bulk
phases would display unmeasurably small spatial deflections
and thus yield near-zero moments in the present experiment.
The magnitude of the measured Co,Mn,, moments indicate
that they are ferromagnetically (or ferrimagnetically) ordered
at temperatures and compositions at which the corresponding
bulk alloys are not. Unlike bulk Co;_,Mn, alloys in which
the presence of Mn decreases the mean per-atom moments,
the presence of a significant fraction of manganese in small
Co,Mn,, clusters results in overall moments that are compa-
rable those of the corresponding pure Co, clusters, and in
some cases (e.g., N=11-14) larger. This suggests that, un-
like the bulk alloys of similar composition, both Co and Mn
constituents within the clusters retain substantial moments
even at high Mn fractions. The predictions of the S-P model
as applied to Co,Mn,, clusters are shown in Figs. 5 and 6
together with the experimentally determined average mo-
ments u. The S-P model was applied using the experimen-
tally determined moments> of the pure cobalt cluster “hosts”
and the experimentally determined compositions. As shown
in Fig. 5, the moments predicted by the S-P model for cobalt-
rich clusters are only slightly larger than those of both the
pure Co, clusters and Co,Mn,, clusters generated using the
Coj gsMny ;5 target. However, as shown in Fig. 6, the S-P
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model significantly overestimates the moments of the
Co,Mn,, clusters containing a substantial fraction of manga-
nese, as generated using the Cog 5)Mny 5o target. The assump-
tions inherent in the S-P model (rigid host d-band,
composition-independent moments, strictly ferromagnetic
coupling) limit its value in the present case to (at best) quali-
tative predictions. In the absence of detailed electronic struc-
ture calculations of Co,Mn,, clusters, the magnitude of the
Co and Mn moments and nature of the coupling between
them remains unclear.

Insight into the electronic structures of Co,Mn,, clusters
can be gleaned from the corresponding diatomic molecule,
CoMn, which is well characterized. Formation of the cobalt
dimer, Co,, from the ground state (3d74s*,*F o/p) atoms leads
to an effective 45'93d%9 electronic configuration as a result
of 45— 3d promotion.>* The resulting *A, ground state of
Co, ground state possesses a net spin S=2. By contrast the
A ground state of CoMn possesses a net spin S=3, with
effective atomic configurations 4s'9234%!2 (Co) and
4519334577 (Mn).> In simple terms, substitution of Mn-
for-Co leads to a net reduction of approximately two d elec-
trons in the diatomic molecule. Density functional calcula-
tions show that these two electrons occupied minority (3)
spin-orbitals centered on the atoms.>® Their “removal” upon
Mn-for-Co substitution thus leads to a net increase in spin
from 2 to 3, and thus an increase in spin moment from 4 u;, to
6. This 2y, increase in spin moment is in qualitative ac-
cord with the present results and in reasonable quantitative
agreement the +1.7u,, change measured for Mn-for-Co sub-
stitution Co,Mn,, clusters by Yin.?! The angular momentum
coupling situation in polyatomic Co,Mn,, clusters is obvi-
ously more complex than this simple diatomic model would
suggest, however (orbital moments will likely be fully or
partially quenched, for example). Electronic structure and
thus magnetism will likely be critically dependent on cluster
geometries and spatial arrangements of Co vs Mn atoms. For
example, clusters in which Mn and Co constituents are seg-
regated can be expected to have significantly different mag-
netic properties than those in which they are mixed. Calcu-
lations of equilibrium structures (including isomers) and
their corresponding properties will be required for a com-
plete understanding of the Co,Mn,, system.
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