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Abstract

Intermetallic clusters are observed in the Co-Cr system. We report on the use of time of flight
mass spectroscopy to investigate the cluster spectrum resulting from Nd-Y AG ablation of a Co-
Cr target. Cr' clusters dominated the spectrum, with Co" clusters as the second most intense
peak, and we found a clearly resolved Cr-Co binary cluster that could be suitable for co-doping
during the growth of laser crystals. Significant contributions from elemental dimers as well as
some oxide clusters were also observed. Density functional calculations indicated that formation

of the observed intermetallic clusters was thermodynamically favorable.

1. INTRODUCTION
Development of lasers in the mid-infrared region is a topic of great interest, due to applications in
medical and environmental diagnostics'. Many biomolecules have distinct signatures in this region, and

the absence of water absorption between 3 and 5 z#m makes this region particularly interesting for
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diagnostic applications’. One of the promising candidates for broadband operation in this region is
Cr:ZnS’. As with rare-earth fiber lasers, high concentrations of dopants are desired*, but clustering
effects are deleterious. In rare-earth systems, co-doping, e.g. Al with Tm, has been shown to reduce
clustering due to the formation of bridging Al-O-Tm complexes®’. Recently, Yan et al.? reported that co-
doping of Cr and Co in ZnO may reduce Cr clustering. Additionally, control over the clustering of
magnetic elements may be important in room temperature dilute magnetic semiconductors®. In this paper,
we explore laser ablation generation of intermetallic clusters as a possible method for introducing dopants
pairwise into a host semiconductor. Laser ablation has been used for the deposition of many materials,
and is routinely used as a method of generating clusters both for film deposition and for mass
spectroscopic studies.

Mass spectroscopy following laser ablation is used to verify first principles cluster formation
calculations and has resulted in the discovery of “magic clusters” with high stability, such as

lithium® 2, 8 and 20 and carbon clusters'®. Theoretical and experimental cluster studies have also

12,13

been made on more complex materials, including 11-VI semiconductors™, silicides and some

copper'* and aluminum compounds®>*®

, among others. Intermediate between the mixed covalent-
ionic bonding of 11-VI materials, and the purely metallic bonding of noble metal clusters lies an
interesting regime where the formation of intermetallic compounds is observed in the bulk phase

17-19
1

diagram. Few reports of clusters in these systems can be found in the literature and

transition metal binary clusters appear not to have been studied. However, transition metal pairs
are of emerging interest for their charge transfer properties for infrared laser sources®®?,

We chose Co and Cr for this study because of the potential for doping applications® and the
existence of the broad phase field of the o (1:1) intermetallic compound in the bulk phase

diagram suggests that it should be possible to form stable two-atom mixed clusters. Density

functional calculations support this conclusion. We used laser ablation for the production of
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cobalt-chromium clusters, which would permit incorporation of such a source, combined with a
quadrupole mass analyzer, in a deposition system for directly co-locating the desired dopants

during growth of a thin-film material.

2. MATERIALS AND METHODS

2.1. Sample preparation. The targets for laser ablation were prepared from a binary alloy
containing 50/50 at. % of chromium and cobalt as following. First, 10.4 g of 99.99% pure
chromium pieces (Alpha Aesar) and 11.8 g of 99.5% pure cobalt shots (Alpha Aesar) were
mixed in a cleaned new copper die, which was then placed into an arc-melter chamber. The
copper die provided efficient thermal contact with the water-cooled base of the apparatus. In
order to displace the residual air in the chamber, it was evacuated using a mechanical vacuum
pump and filled to 1 atm of argon sequentially three times. The melting process in the apparatus
was monitored through a neutral density optical filter. After the arc-discharge was initiated it
was sustained for about 3 min. The initially formed alloy ingot was cooled, flipped and melted
again for another 3 min period in order to ensure homogeneity in composition. Then, the arc-
melter was left to cool down for 30 min before opening the chamber and removing the ingot. The
resultant alloy specimen was about 2.5 cm in diameter and 5 mm thick. Finally, the ablation
targets were cut out of the ingot using a diamond saw. Freshly cut surfaces were too reflective

for laser ablation. In order to alleviate this, the surface was roughened using 220 grit sandpaper.

2.2. Mass-spectrometry. The prepared 50/50 at.% chromium/cobalt alloy ablation target
was loaded into the ablation chamber of the dual-acceleration stage time-of-flight (TOF) mass-

spectrometer (MS) described previously??. Upon reaching a base pressure of 3.5-10° Torr, the
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sample was targeted with a Q-switched Nd:YAG pulsed laser (Spectra Physics DCR-11)
operated at a 10 Hz repetition rate. The laser dual wavelength (1064 and 532 nm) beam was
focused on the target through a 50 cm focal length quartz lens. This provided combined fluences
up to 4.5 J-cm 2 in a 10 ns pulse to produce a plasma plume of ions and neutrals. Post formation,
the clusters equilibrated and spatially spread through the extraction region between two sets of
grids. A short electric pulse delayed by 30 ms from the laser pulse was applied to the grids to
extract the ions orthogonally into the acceleration region. The second electric pulse accelerated
ions into the field-free tube. Upon arrival at the far end of the tube, the ions were discriminated
by the respective times of flight and detected by a Channeltron electron multiplier (Galileo
Electro Optics). Signals from the detector were recorded and averaged over 1000 sweeps by an
oscilloscope (LeCroy 9450), then downloaded and processed. The setup was configured to
extract, accelerate and detect positive ions.

2.2.1. Calibration. Primary calibration of the instrument was established from the mass-
spectrum obtained by the ablation of 99.9995% pure graphite rod (Alfa Aesar). Fine adjustment
of the calibration was achieved using the time-of-flight data from elemental peaks of chromium
and cobalt.

2.3. Isotopomer Mass Distribution Simulation. In order to assess isotopomer mass
distributions, relative abundances of the isotopomers were calculated using an approach based on
polynomial expression expansion®. The actual algorithm was implemented through a Visual
Basic macro in Microsoft Excel.

2.4. Density Functional Calculations. The DFT calculations were carried out using the
Amsterdam Density Functional®® % software suite (ADF2012d) with the Perdew-Burke-

Ernzerhof (PBEO) functional and the parameterized triplet zeta with double polarization basis set
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(TZ2P). The calculations resulted in fully optimized structures in the absence of any symmetry
constraints. All possible spin multiplicities were explored and the structures presented in the next
subsection are those for the lowest energy cluster. The default program values were employed in
the optimization: energy change less than 10 Ha and a gradient less than 10 Ha/A. Frequency
calculations confirmed that the reported structures represent stationary states. Mulliken charges
and spin densities were also extracted from the calculations. The bond energies reported here
represent the difference between the energy of the cluster and that of the individual atoms (in
their electronic ground states).

3. CALCULATIONS

The most likely metallic clusters were Cr,, Coz, CoCr, Cr,Co and CoCr,, and we have modeled
these molecules using density functional theory (DFT) calculations. Our geometry and electronic
structure results for these molecules are presented in Table 1 and Table 2, respectively. The
structures for CrCo, and CoCr; are shown in Figure 1. We have modeled the neutral clusters to
demonstrate that the formation of the intermetallics is chemically realistic.

Table 1. Geometric parameters for the lowest energy intermetallic clusters.

Cluster RmimzA Rvw, A <M3-My-My, deg <M,-M,-M;, deg
Cr; ; 1.79 - -

Co, - 1.97 - -

CrCo 2.25 - - -

Cr,Co 2.46 1.63 38.5 70.7

Co,Cr 2.46 2.09 50.5 64.8

3.1 Homonuclear clusters. The two homonuclear dimers have a controversial history
involving the possibility of multiple bonding interactions, due to nearly degenerate ground states.

The multiconfigurational nature®! of the homonuclear molecules requires a method such as
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Complete Active Space for the ultimate results. However, comparison of our Cr, bond lengths
with the experimental data in Lombardi and Davis®, 1.79 vs. 1.68A indicates reasonable
agreement and provides confidence in the relative results of the DFT calculation for the
additional, previously unreported molecules discussed below. The Cr, bond energy of 1.34 is in
agreement with the experimental value of 1.53eV>. There is much less data, experimental or
computational, for the cobalt dimer. The calculated and experimental Co, bond length data, 1.97
vs. 2.31A are in reasonable agreement. Our calculated bond energy of 5.31eV , as is usually
observed for DFT calculations, is overestimated, compared to the experimental value of
1.32eV%%,

Table 2. Bond energies, in eV, symmetries, vertical ionization energies, in eV, and spin
multiplicities for the lowest energy intermetallic clusters.

Cluster Symmetry Mi?tlirpl)lici ty Eric;g?/ (eV) lon. Energy
Cr, Doopy 1 -1.34 7.97
Co, Doopy 5 -5.16 8.13
CrCo Cooy 4 -2.69 14.8
Cry,Co Cov 4 -4.38 5.87
Co.Cr Cov 2 -6.24 10.8

The chromium dimer experiences antiferromagnetic coupling resulting in a singlet ground
electronic state, while the coupling in the cobalt dimer is weak; the ground state has a quintet
multiplicity.

3.2 Heteronuclear clusters. The heteronuclear clusters also show large binding energies,
and while these may be overestimated, they are all negative at room temperature, supporting the
expectation that these clusters will be observed in the TOF spectrometer. The three-atom

clusters adopt a triangular conformation under all conditions tested, with the Cr-Cr bond being
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shorter than the Co-Cr bond, consistent with the homonuclear clusters. Symmetry unconstrained
optimizations of linear structures reverted to the C,y structures shown in the figure.

It appears that the homonuclear antiferromagnetic coupling characteristics carry over to the

Figure 1. Lowest energy conformers of CrCo, (left) and CoCr, (right).

mixed cluster. The CrCo molecule has a quartet ground state, indicating three unpaired electrons
from a total of nine from the two isolated metal atoms. The calculations indicate that most of the
spin density is in orbitals that are localized on the chromium atom. In the Cr,Co trimer, the spin
density is localized on the cobalt atom, perhaps indicative that the antiferromagnetic coupling in
the Cr, molecule persists after the addition of the cobalt atom. In contrast, the spin density in the

Co,Cr molecule is spread across the cobalt atoms and the chromium approximately equally.
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4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Survey spectrum. The mass-spectrum obtained by laser ablation of the Co-Cr alloy

sample is presented in Figure 2.. The spectrum exhibits peaks from four groups of cations: (1)

Co"
cr0"

Relative Intensity

45 95 145 195 245 295

Mass, amu

Figure 2. Mass-spectrum obtained from laser ablation of 50/50 at.% chromium
and cobalt alloy.

homonuclear metal clusters, (2) binary metal clusters, (3) metal oxide clusters and (4) binary
metal oxide clusters. A detectable amount of copper from the die had dissolved into the alloy
during synthesis. In addition to the copper contamination, there are several metal oxide peaks
that are likely due to the oxygen dissolved in metals. This will be discussed in later sections.
In addition to peak broadening intrinsic to the instrument, there is broadening due to the
isotopomeric effect. The abundances of the isotopes that contribute to a particular cluster mass
range are summarized in Table 3. These values were also used to simulate isotopomer mass

distributions.
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Table 3. Natural abundances of the elements (values rounded to the second decimal digit) %°.

Element Mass, amu Abundance, % at.
16 99.76
Oxygen 17 0.04
18 0.20
50 4.35
. 52 83.79
Chromium
53 9.50
54 2.37
Cobalt 59 100
63 69.17
Copper
65 30.83

4.2. Homonuclear Metal Clusters. Peaks in the 50-54 amu range originate from chromium
isotope ions and the peak at 59 amu belongs to the single isotope of cobalt ion. An interesting
feature of the mass-spectrum is that the chromium peak is about 18 times the area of the cobalt
peak. Several mass-spectra were obtained by ablation of samples cut from different locations of
the ingot to determine if this was due to inhomogeneity of the target, but all samples
demonstrated consistent results. This phenomenon can be attributed to the large difference in the
ionization potentials of chromium and cobalt, 6.77 and 7.88 eV, respectively 2’. The latter can
also explain the absence of cobalt-oxygen clusters in the spectrum: cobalt is more
electronegative element than chromium, thus, the latter is more likely to share the electrons with
oxygen, given that the detected cationic clusters are inherently electron deficient.

Peaks with maxima at 104 and 156 amu are attributed to the chromium dimer, Cr,", and trimer,
Crs", respectively. The cobalt dimer, Co,", peak was not clearly resolved due to overlap with the

Cr,0" peak.
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4.2. Binary Metal Clusters. The peak at 111 amu reveals formation of the CrCo" binary ion.
To the best of our knowledge this is the first evidence of the formation of such a molecule.
Although there is an isotopomer of the CuO3" cluster with the same mass, a contribution from
this ion was ruled out by several methods. First, the presence of CuO3" would also result in a
noticeable satellite peak at 113 amu due to another isotopomer of this cluster as shown in Figure

3, which presents simulated mass-multiplets for both CrCo™ and CuOs". This simulation also

Relative abundance

109 100 111 112 113 114 115
Mass, amu

Figure 3. Comparison of the isotopomer mass distribution for CrCo™ and CuOs". The red line
shows a running average of mass-spectrum signal intensity

shows the shapes of the multiplets to be inconsistent with the presence of CuO3". The CuOs*

multiplet is weighted towards heavier mass from the peak at111 amu while the CrCo* multiplet
ranges between 109-113 amu and is almost symmetric around 111 amu. Lastly, an earlier TOF-
MS study on the synthesis of copper-oxygen clusters by laser ablation of copper oxides showed

no indication of CuOs" formation.?®
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We also detect a Cr,Co" binary metal cluster formation indicated by a peak at 163 amu with a
span over the 159-167 amu range. Figure 4 illustrates simulated isotopomer mass distributions

for this cluster.
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Figure 4. Isotopomer mass distributions for the Cr,Co" cluster.

Lastly for this family of ions, there is possible evidence of CrCo," cluster formation in the 168-
172 amu range with a maximum at 170 amu. Unfortunately, it overlaps with the Cr;0* 172 amu
peak ranging between 166 and 180 amu and this appears as a low-mass shoulder on this peak.
Isotopomer mass distributions for both ions are compared in Figure 5. In order to approximate
the bimodal fit of both distributions into the mass-spectrum the abundances of CrCo,"

isotopomers were scaled by a factor of 0.4.

CoCr clusters.final.docx 11



Relative abundance
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Figure 5. Isotopomer mass distribution of CrCo," and Cr;O*clusters (CrCo," isotopomer
abundances are scaled by factor of 0.4). The red line shows a running average of mass-spectrum
signal intensity.

4.3. Metal Oxide Clusters. Despite precautions to maintain a low- oxygen environment
during both arc-melting (argon purge) and mass spectrometry (10® Torr vacuum), many oxide
clusters were detected. As was mentioned above, the presence of oxygen was attributed to its
reactivity with metals, including the chromium and cobalt materials used to synthesize the alloy
as well as the copper die.

Among oxygen containing clusters the detected monocopper ions included CuO®, 79-81 amu,
and CuO,", 95-97 amu. Only one dicopper cluster Cu,O", 142-148 amu, was registered. At the
upper end of the spectrum there is a peak around 207 amu indicating the presence of tricopper
cluster, CuzO*, which has extraordinary stability according to Ma, et al.?.

Several chromium-oxygen clusters were detected starting with the lightest member of this

29
l.

family CrO™ at 68 amu. This ion was previously described in work by Aubriet et al.> The next

observed set, dichromium oxide clusters Cr,O" at 120 amu and Cr,0," at 136 amu were also
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mentioned in ref. 22. The authors performed laser ablation of various chromium oxides and also
obtained dichromium clusters richer in oxygen, for example Cr,05", Cr,0," etc. These clusters
did not form in our experiments. In contrast to Aubriet’s work we detected metal-rich,
trichromium oxide clusters: CrzO" at 172 amu and CrzO," at 188 amu.

Cobalt, the most electronegative of the three metals at play in cluster formation in our
experiments, did not form detectable amounts of any oxide clusters reported in work by Dibble et
al. %

4.4. Binary Metal Oxide Clusters. While there were no cobalt oxide clusters observed in the
ablation plume, two types of clusters containing chromium, cobalt and oxygen did form:
dichromium cobalt oxide clusters Cr,CoO" and Cr,CoO," according to the peaks at 197 amu and
181 amu, respectively.

5. CONCLUSIONS

In this study, we observed the formation of a large variety of clusters, including the desired
CoCr” species. Clusters with copper and oxygen are attributed to impurities in the target. Singly
ionized Cr*ions dominated the spectrum, with Cr," and Cr,O" also in abundance. A well-
resolved peak for CoCr* was observed, along with smaller peaks for CoCr, and Co,Cr. DFT
calculations indicate that all of the observed intermetallic clusters are thermodynamically
favorable, therefore, their presence in the mass spectrometer is an rational result. Given the high
temperatures in the laser ablation process, the relative magnitudes of the exoergicity are not
expected to be manifested in the ratio of peak heights.

While the flux of the CoCr™ cluster was small in our setup, this, or other generation methods
such as sputtering, followed by a quadrupole mass analyzer should make it possible to deliver

binary clusters to the film growth surface in a vacuum deposition system. This will permit the
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direct incorporate these clusters into a dielectric or semiconducting film co-deposited from a
separate source. The low adatom mobility of the transition metals, and the observed stability of
the clusters should assure that the dopants retain their proximity in the resulting dual-doped film.
Comparison of the optical properties of these films with randomly co-deposited dopants will
permit detailed examination of proximity effects in charge-transfer processes.
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