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Motiv ation

How magnetism behav es in the “reduced dimension” and how it evolves to the
bulk ?7?7?
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How magnetism behav es in the “reduced dimension” and how it evolves to the
bulk ???

Several unexpected results have already been repor ted:

Non-zero magnetic moment in the cluster sof nonm agnetic bulk mater ial
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Motiv ation

How magnetism behav es in the “reduced dimension” and how it evolves to the
bulk ???

Several unexpected results have already been repor ted:

Enhancement of magnetic moment in the clustersof ferromagnetic bulk

mater ials
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Motiv ation

How magnetism behav es in the “reduced dimension” and how it evolves to the
bulk ???

Several unexpected results have already been repor ted:

Finite magnetic moment in the cluster swhich isantif erromagnetic as bulk
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Stern-Ger lach

Two methods have been emplo yed to measur e cluster magnetism
1. Cluster embedded in (rare gas) maitrix - cluster-maitrix interaction
2. Free cluster - Stern-Ger lach exper iment
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Mn Clusters
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Mn Clusters

S i Mn Cluster
2 o
< : F] E
=5 w-|1F4
CIC) = | i e

— | ' e -
=&y *QLAL;.’E"' =%, '
=0 | e %‘qﬂq -
.Q_’\E’m H T ) e
= :
c 0.0 s ' et : e
% 9 20 36 4@ SO &8 T¢ B0 S0 100
=

Cluster Size N

Two possible pictur es:
individual atomic moments are small and ordered ferrom agnetically
OR
they remain large but their orientation ips from site to site
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Mn Clusters

Mor e featur es:
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Mn Clusters

Mor e featur es:
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Sudden drop in the magnetic moment at and " WHY ???

Uncer tainty in the measur ement, gener ally, decr eases with size - except at
I Any Physical Reason ?7??

ICCMSE 2005

Knickelbein PRL82, 5255 (2001); PRB70, 14424 (2004)

Mukul Kabir, Bose Centre —p.



Methodology

Density Functional Theory within pseudopotential plane wave method

We use projector augmented wave method

Perde w-Bruke-Ermzerhof exchange-corr elation functional for spin polar ized
GGA

To locate the ground state geometr y, we consider different geometr ical
structur es

As well as, all possible spin multiplicities to get the ground state magnetic
structur e

Spinsare treated collinear ly

Vienna ab-initio Simulation Pac kage
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pure mang anese clusters...

Binding Energy (eV/atom)
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pure mang anese clusters...

Binding Energy (eV/atom)
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Cluster Size N

Mn dimer isvery weakly bound (van der Walls) dimer.

Reason :
lac k of hybridization betw een the half- lled 3d and Illed 4selectr ons
high promotion energy 2.14eV
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pure mang anese clusters...
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pure mang anese clusters...
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Due to the increase in the coor dination number with cluster size
Binding ener gy increases with cluster size

Extra polation of the BEwith gives the BEfor in nitely large cluster
(bulk) 2.80 eV
Experimental BEvalue for AFbulk Mn  2.92 eV
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pure mang anese clusters...
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Kinksin the BEcurve at 7, 13 and 19

Thisgives the relativ e stability of the clustersand we see peaks in the
vs plot at 7,13 and 19 Why ???
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pure mang anese clusters...
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Thisgives the relativ e stability of the clustersand we see peaks in the
vs plot at 7,13 and 19 ——— Why 7?7
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non-metallic — metallic transition ?

Signicant change inthe Mn + H reaction has been observed at =16
non-metallic to metallic transition !!!
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non-metallic — metallic transition ?

Signicant change inthe Mn + H reaction has been observed at =16
non-metallic to metallic transition !!!
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no discontinuity isobserved

and argued a certain structur al transition at
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magnetic transition

Theory (GS) —*—
Theory (Isomer) *

Magnetic Moment ( mg/atom)
w
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Ferrom agnetic coupling of very small clusters
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magnetic transition
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Ferrom agnetic coupling of very small clusters

FM  ferrimagnetic transition takes place at
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magnetic transition

Theory (GS) —*— A
Theory (Isomer) *

Magnetic Moment ( mg/atom)
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For most of the clusters, there exist several closely lying isomers with
different magnetic solution. For , there are three —

down

, 0.00 eV , 0.09 eV , 0.19 eV

Large exper imental uncer tainty in the measured magnetic moment (0.72
), isdue to the presence of these three isomersin the GS beam.
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magnetic transition

Theory (GS) —*— A
Theory (Isomer) *

Magnetic Moment ( mg/atom)
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Sudden drop in the magnetic moment isfound at and
For Mn
Icosahedr al Hexagonal Cubooctahedr al
3 9 11
= 0.00 eV =0.89 eV =1.12eV
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magnetic transition
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Sudden drop in the magnetic moment isfound at and
For Mn
Double Icosahedr on FCC
21 17
=0.00 eV =153 eV
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Thisisdue to their closed icosahedr al geometr ic structur e.

First Icosahedr on Double Icosahedr on

Mukul Kabir, Bose Centre —p. 1



-electr on localization

Localization vs Coor dination

Mukul Kabir, Bose Centre —p. 2



-electr on localization

Localization vs Coor dination

Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition takes place at N=16.

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition takes place at N=16.

FM  Ferrimagnetic transition takes place at

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition takes place at N=16.

FM  Ferrimagnetic transition takes place at

Closely lying isomerswith different magnetic structur e are possible

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition tak es place at N=16.

FM  Ferrimagnetic transition takes place at
Closely lying isomerswith different magnetic structur e are possible

Large exper imental uncer tainty in the magnetic moment of Mn isdue
the existence of two closely lying isomers (with 7 and 3 ) along with
the ground state (5 ) inthe SGbeam

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition takes place at N=16.

FM  Ferrimagnetic transition takes place at
Closely lying isomerswith different magnetic structur e are possible

Large exper imental uncer tainty in the magnetic moment of Mn isdue
the existence of two closely lying isomers (with 7 and 3 ) along with
the ground state (5 ) inthe SGbeam

Sudden drop in the magnetic moment at and isdue to their
“closed” icosahedr al structur e

Kabir, Mook erjee and Kanhere (comm unica ted)
Mukul Kabir, Bose Centre —p. 2



summary

Intermediate Mn  cluster sadopt icosahedr al growth patter n

Non-metal metal transition at iIsnot seen, which was predicted
from the discontinuity in the reaction rate with H . Even there isno
structur al transition tak es place at N=16.

FM  Ferrimagnetic transition takes place at
Closely lying isomerswith different magnetic structur e are possible

Large exper imental uncer tainty in the magnetic moment of Mn isdue
the existence of two closely lying isomers (with 7 and 3 ) along with
the ground state (5 ) inthe SGbeam

Sudden drop in the magnetic moment at and isdue to their
“closed” icosahedr al structur e

electr ons are more localized for the surface atom than the centr al
atom due relativ ely small coor dination number
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As doping — motiv ation

Mang anese in the semiconductor Ga Mn Asand Ga Mn As
show ferrom agnetism — dilute magnetic semiconductor (spintronic)
mater ials

Reported wide variation of Curie temper ature  50-100Kto highest 160K

Samples are prepar ed by low temper ature Molecular beam epitaxy
growth —  givesrise to metasta ble def ects

Mn Inter stitials

As antisites (As )
Random distribution of Mn
Clustering of Mn

Samples annealed at low (growth) temper atur e show increase in the
Curie temper ature

Indeed, even after annealing, clustersof Mn around As have been
detected exper imentally

Clustering of Mn is responsible ?7??

We study Mn As cluster susing the same methodology used for pure Mn
+ we allow non-collinear ity in spins.
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Enhancement in Bonding

We ask — whether the clustering of Mn around As are at all ener getically
favourable or not ?

Mukul Kabir, Bose Centre —p. 2



Enhancement in Bonding
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Both of the ener gy gains are positive and the energy gain in adding a As
( )islarger than the energy gain inadding a Mn ()

Therefore, we conclude Clustering of Mn around As isener getically
favourable Mukul Kabir, Bose Centre —p. 2



collinear vs noncollinear

Mn Mn As Mn Mn As
Nature M Nature M Natur e M Nature M
1 — 5 CL 6 NCL 12.82 NCL 1.28
2 CL 10 CL 9 7 CL 5 CL 6
3 CL 15 CL 8 NCL 6.83 CL 3
4 CL 20 CL 17 9 NCL 5.33 NCL 0.10
5 CL 3 CL 2 10 NCL 5.04 NCL 3.07
Mn Mn Mn As Mn As
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magnetic coupling

spin density =
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magnetic coupling

Only in Mn Asand Mn As— Mn-Mn coupling isferromagnetic

Mn As Mn As
9 17
Spin iso-density
plot spin density = -
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Exchange coupling

We map the magnetic energy onto a Heisenber g form:

For Mn As cluster:
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Exchange coupling — RKKYtype ?7?

We map the magnetic energy onto a Heisenber g form:

For Mn As cluster:
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For RKKYtype interaction

oscillates betw een positive and neg ative with favouring FM and AFM
solutions, respectiv ely and dies down as — a typical RKKYtype
behaviour .
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Exchange coupling — RKKYtype ?7?

But what happens to the exchange coupling when cluster sizeincreases ???
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Exchange coupling — RKKYtype ?7?

But what ha ppens to the exchange coupling when cluster sizeincreases ???
In dilute magnetic semiconductor sGa Mn As, RKKYlike models predict

exchange coupling increases with concentr ation as at 0K

independent of environment

For Mn As cluster s—
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g0

15

Ji (meV)
[6)]

Average exchange parameter, decr eases with increase in with an
exceptional increase for ferromagnetic Mn As

Also has strong environment dependenc vy

As cluster sizeincreases, exchange coupling isno longer RKKYtype

Mukul Kabir, Bose Centre —p. 3



Conclusion

Due to the 4 (of Mn) — 3  hybridization , binding ener gy isenhanced
As-atom stabilizes Mn clusters
Clustering of Mn isener getically favourable around As
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Conclusion

Due to the 4 (of Mn) — 3  hybridization , binding ener gy isenhanced
As-atom stabilizes Mn clusters
Clustering of Mn isener getically favourable around As

Non-collinear treatment of spinsare necessary, as both Mn and Mn As
cluster sadopt nocollinear magnetic structur e for

Mn-Mn coupling isferromagnetic only for Mn Asand Mn Asand for all
other sizesthey are ferrimagnetically coupled

The exchange coupling isanom alous and behav e quite differently from
the RKKY like predictions .

Mn Asand Mn As have high exchange coupling. Therefore, the
presence of Mn Asand Mn As clustersin (Ga,Mn)As and (In,Mn)As
samples, would lead to a high Curie temper ature.

Whereas, presence of large sized cluster swould, eventually , decr ease
Curie temper ature.

Kabir, Mook erjee, Kanher e physics/0503009
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Thank You !

|am about to nish my Ph.D. and |Iam looking for a Post Doc.
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