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  What is a shape memory alloy (SMA)? 

First order structural 

transformation  

by growth of  a lower 

symmetry  martensitic 

phase from the  higher 

symmetry (cubic 

austenite) phase. Ms, Mf, 

As Af characterize the 

transition. 

 

Shape memory effect 

Super-elasticity 

Source: www 



Technological applications of  SMA 

Medical. Space 

Robotics 



Live simulation of the FSMA effect 

Rotation of magnetic moments, 

no change in shape: 

[Magnetocrystalline anisotropy<< 

Zeeman energy] 

FSMA effect: change in 

shape [Magnetocrystalline 

anisotropy>> Zeeman energy] 

Source : www.fyslab.hut.fi/epm/heusler/ 



Murray, Appl. Phys. Lett., 1999 

H 

s 

fixed reference frame 

Kg 

Static driving force experiments 



FSMA mechanism 

Magnetic field induced strain in Ni2MnGa = 10%, <1 T field, 

2 kHz, 106 cycles, RT.  

Terfenol ïD (Tb-Dy-Fe alloy): 0.1% magnetostrictive strain 

Nitinol (Ni-Ti): 8%  
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SMA: Transformation from the martensite to austenite phase  by 
temperature or stress. 

        versus 

FSMA: Entirely within the martensite phase, actuation by magnetic 
field, faster than conventional stress or temperature induced SMA.  

This demo is animated, but it shows the motion of the 

axis. The actuator can be driven faster/slower (average 

70mm/s) and in bigger/smaller steps (accuracy <1ɛm).  

An actuator made using Ni-Mn-Ga  



Combination of multifunctional properties like magnetoresistance 

(sensor), magnetocaloric (refrigeration), and shape memory effect 

(actuation) may  be important for their future application. 

Magnetoresistance (8%) 

Giant magnetocaloric 

 effect (-20 J/kgK) 

Possible applications of  FSMA 

An actuator produced by AdaptaMat using Ni-Mn-Ga, 

which controls pressure in a pneumatic valve. 

Ni2MnGa Actuator/ 

Micro valves, 

micro positioners 



Ni2MnGa exhibits cracks 

after ~106 actuation cycles 
Search for new FSMA 

Investigate Ni2MnGa: develop a basic understanding 

Predict new FSMA  

Prepare these & investigate their  properties 

But éé 

So, our approach is to 



Investigate Ni2MnGa: develop a basic understanding 



Large magnetocrystalline anisotropy in Ni2MnGa 

(a) Thermal hysteresis 

  in 1st order transition;  

direct evidence from  

XRD. 

(b) Ac-susceptibity;  

decrease at TM due  

to large magneto- 

crystalline anisotropy. 

 

(c) Differential 

scanning  

calorimetry 

Nice agreement between structural, magnetic and thermal techniques. Small 

width of hysteresis 14-38 K implies highly thermoelastic (mobile interface), low 

twinning stress. 

Ms=TM 

Mf 

As 

Af 

FSMA effect: change in 

shape [Magneto-

crystalline anisotropy>> 

Zeeman energy] 

TM 



C. Biswas, R. Rawat, S.R. Barman, Appl. Phys. Lett,  86, 202508 (2005) 

Magnetization and Magnetoresistance of Ni2-xMn1+xGa  

Large MR variation with composition: 

x= -0.35 Ni2.35Mn0.65Ga : -7.3% @ 8T 

  = 0: Ni2MnGa:                 4% 

  = 1: Mn2NiGa :             -0.2% 

+ - + switching of MR: 

300 to 120 K: -ve (s-d scatttering)   

120-80 K: + ve (ferrimagnetic transition)  

80- 5 K: -ve (martensitic domains) 

Ni1.75Mn1.25Ga 

Banik, Rawat,  Mukhopadhyay, Ahuja, Chakrabarti, Paulose, Singh, 

 Singh,  Pandey, and  Barman Phys. Rev. B, 77, 224417 2008 

Saturation magnetic 

moment of Ni2MnGa: 

Magnetization: 3.8 mB 

Compton scattering: 4 mB  

Density functional theory: 

4.13 mB 

Small coercivity: 4 mT 



Twin bands (width 10 micron) and  

magnetic domains (width 2-3 microns).  

Grain size ~400 microns 

Magnetic domains on the surface and twin bands  

C. Biswas, S. Banik, A. K. Shukla, R. S. Dhaka, V. Ganesan, and S. R. Barman, Surface Science, 600, 3749 (2006).   

D.Jain, S.Banik, L.S.Sharath Chandra, S.R.Barm and, R.Nath and V.Ganesan, Adv. Mat. Res. 52, 115 (2008).  

 

Topography image MFM image 

Magnetic 

domain 

Walls 

Twins 

Magnetic force microscopy image of Ni2.23Mn0.8Ga 

at RT  [TC= 370K and TM= 354K] 



What about the crystal structure? 

L21 structure in the austenitic phase: 

Four interpenetrating f.c.c. sublattices 

with : 

Á Ni at (1/4,1/4,1/4 ) and (3/4,3/4,3/4)  

Á Mn at (1/2,1/2,1/2), 

Á Ga at (0,0,0). 
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Cubic Tetragonal 

Austenite, c/a=1 Martensite, c/aÍ1 

Ni 

Mn 

Ga 

ACTUATION 

OBSERVED IN 

THE 

MODULATED   

STRUCTURE 

NO ACTUATION! 



What is the modulated structure? 

 Brown, et al., JPCM, 14, 10159 (2002) 

Austenite 

Modulated  

martensite 

Neutron diffraction: sinusoidal modulation; 

Pnnm space group 

5 or 7 layer periodicity resulting from  periodic shuffle of the 110 planes along the 

11̄ 0 direction. 



  

Why modulation is important?  

Modulated structures have small twinning stress (ůtw ~ 2 MPa) 
 

 

 

 

 

 

 

 

 

So, modulated structures satisfy the phenomenological condition for 

actuation     

K > e0 ůtw 
 

K= magnetic anisotropy energy density ~  1.6x105 J/m3 

e0= maximal strain given by (1 ī c/a)~ 10% 

 



ÅSatellite spots are not equispaced. 

Å  Impiles presence of modulation. 

Å q agrees with bulk 

ÅBulk terminated surface 

 

 

Modulation observed by XRD and LEED  

DôSouza et al., Surface Science (2011). 

Ranjan, Banik, Kumar, Mukhopadhyay, Barman, Pandey, Phys. Rev. B  74, 224443 (2006);  

 



  

Partial phonon dispersion 

of Ni2MnGa in the fcc 

Heusler structure, along 

the G-K-X line in the 

(110) direction.  

(a) Fermi surface of cubic Ni2MnGa. 

(b) The fcc BZ is shown as a reference. 

Cross section of the minority-spin Fermi surface (a) 

with the (001) plane. The arrows are examples of 

nesting vectors q0=0.34(1,1,0). 

Origin of modulation: Fermi surface nesting, phonon softening  

Bungaro, Rabe, Dal Corso, PRB, 68, 134104, (2003) 



Evidence of Charge density wave from photoemission 

Dip in the spectral function at the Fermi level is the signature of CDW 



Predict new FSMA  

 

What is the strategy? 



 Do Density Functional Theory calculations 

Is the total energy of the martesitic phase lower? 

 Prepare sample 

Is the specimen single phase? DSC shows transition?  

YES 

YES 

 Perform magnetic measurements 

Is it ferromagnetic at RT? What is the TC ? 

 Study the structure in martensite phase 

Do the specimen exhibit a modulated structure? 

YES 



Total energy calculation  in Ni-Mn-Ga 

Banik, Ranjan, Chakrabarti, Bharadwaj, Lalla, Awasthi, Sathe, Phase,  Mukhopadhyay, Pandey, Barman, Phys. Rev. B 75, 104107 (2007).  

Total energy (Etot) includes kinetic, potential, 

and exchange correlation energies of a 

periodic solid with frozen nuclei.  

Lower Etot structure stable at low T. 

Barman, Banik, Chakrabarti, Phys Rev B, 72, 184410 (2005) 

dEtot 



Three systems predicted so far 

Ga2MnNi  (Barman, Chakrabarti  , Singh, Banik, Bhardwaj , Paulose, Chalke, Panda,  

                          Mitra , Awasthi, Phys. Rev. B 78, 134406, 2008; 

         Singh, Rawat, Barman, Appl. Phys. Lett .,  99, 021902, 2011) 

 

Mn2NiIn (Chakrabarti and Barman, Appl. Phys. Lett, 94, 161908, 2009) 

 

Ni1.75Pt0.25MnGa (Siewert, Gruner, Dannenberg, Chakrabarti, Herper, Wuttig, Barman, Singh,   

Al -Zubi, Hickel, Neugebauer, Gillessen, Dronskowski, and Entel, Appl. Phys. Lett, 99, 191904, 2011) 
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Ga2MnNi: DFT predicts stable martensite phase 

Austenite: 

a=11.285 a.u. (5.96 Å) 

Cell volume= 1437 a.u. 

 

Martensite: 

a= 12.004, c= 9.964 au. 

Cell volume= 1435.8 a.u. 

dEtot= 55 

Violet: Ga;  Black: Mn, Blue: Ni 

×Paramagnetic state 156 meV/atom higher than the ferromagnetic state. Thus, 

Ga2MnNi is ferromagnetic.  

 

×Total magnetic momentc: Austenite= 3.04 mB, Martensite = 2.97 mB. 

Barman, Chakrabarti , Singh, Banik, Bhardwaj, Paulose, Chalke, Panda, Mitra, Awasthi Phys. Rev. B 78, 134406, 2008. 



SMA       dEtot (meV/atom)    TM (K) 

Ni2MnGa           3.6                   210   

Mn2NiGa           6.8                   270   

Ni2.25Mn0.75Ga   39                    434   

Ni2MnIn             0.34                  No 

Ni2MnAl            -0.94                 No 

 

Ni8Mn4Ga4                 42                             210             

Ni9Mn4Ga3                  65                            650 

Ni10Mn4Ga2                75                            750 
(Ref.: J. Chen, Y. Li, J. Shang, and H. Xu,  

Appl. Phys. Lett. 89, 231921 2006. : DFT with PP) 

  

TiNi                      45                   333 

TiPd                     95                  783 

TiPt                      155              1343 
(Ref : Y. Y. Ye, C. T. Chan, and  K. M. Ho,  

Phys. Rev. B 56, 3678 1997:DFT, LDA) 

 

Ga2MnNi           55                    550 

 

dEtot  proportional to kBTM 

Barman, Chakrabarti , Singh, Banik, Bhardwaj, Paulose, Chalke, Panda, Mitra, Awasthi Phys. Rev. B 78, 134406, 2008. 

Linear dependence of  TM 
 on dEtot  



Experimental studies on  Ga2MnNi: SEM, EDAX, DSC  

TM= 780 K 

Homogeneous,  composition Ga1.9Mn0.8Ni1.02  

Secondary electron image 

Spectrum Mn Ni Ga Total 

Spectrum 1 27.58 26.32 46.10 100.00 

Spectrum 2 25.23 26.95 47.82 100.00 

Spectrum 3 25.13 25.02 49.86 100.00 

Spectrum 4 24.63 26.33 49.04 100.00 

Spectrum 5 25.52 26.16 48.32 100.00 

Spectrum 6 25.63 27.04 47.33 100.00 

Spectrum 7 26.65 25.98 47.37 100.00 

Spectrum 8 24.72 28.20 47.08 100.00 

Spectrum 9 25.20 28.41 46.40 100.00 

Spectrum 10 25.19 29.57 45.24 100.00 

Max.             27.58 29.57 49.86 

Min.             24.63 25.02 45.24 

×Ga2MnNi, the As, Af, TM 

(=Ms), and Mf  temperatures 

are 790, 811, 780, and 732K, 

respectively. 

×The latent heat of 

transformation= 2.35kJ/mole 



Ga2MnNi: Magnetic measurements  

 

 

M (H) at 2.5 K 

 

ÅMS = 1µB /f.u.   

 

 

 

 

 

M (T) 

TC = 330  K 

 

 

 



Ga2MnNi 
Ga2MnNi 

Martensitic 

 transformation, TM= 780K,  

Ferromagnetic at RT,  

TC=330 K 

Structure? 

Modulation ? 



Powder XRD  of Ga2MnNi 

×Lebail fitting. 

×Austenitic phase                        a = 5.96 A0 

× Evidence of modulation from Martensitic  phase structure: b ~ 7a 

Monoclinic with  a = 4.31 Å, b = 29.51 Å, c = 5.55Å, b = 90.49°. 

×Change in unit cell volume  <1% . 



 Do Density Functional Theory calculations 

Is the total energy of the martesitic phase lower? 

 Prepare sample 

Is the specimen single phase? DSC shows transition? 

YES 

YES 

 Perform magnetic measurements 

Is it ferromagnetic at RT? 

 Study structure in martensite phase 

Does the specimen exhibit a modulated structure? 

YES 

YES 

 Grow single crystals 

[Could not find anybody who can grow these crystals in India] 

 Measure magnetic field induced strain 

Does the specimen actuate? 

??? 

??? 



Research 

Overview 

 Quasicrystallinity in adlayers, metals, 

surface alloys 

[Nobel prize for discovery of quasicrystal 

to Prof. D.I. Schechtmann in 2011]  

 Embedded nano systems at sub-surface 

(Rare gas nano bubbles in Al metal) 

A quick  overview of other research activites 

Fabrication of equipment:  

Inverse photoelectron spectrometer 



Laue Back scattered photograph of i-

AlPdMn along 5f axis (Ref: A. P. Tsai    
http://www.nims.go.jp/aperiodic/aperiodic/Tea
m/qcmet.html) 

 

Selected area electron diffraction pattern of icosahedral 

phase Al-14 at. % Mn) alloys along fivefold axis 

                 Quasicrystals   

[D. Shechtman et al., PRL 53, 1951 (1984)]  



Modelling of quasicrystals 

If L/S is irrational        No periodicity in chain. 

In Fibonacci chain, irrational ratio is golden 

mean Ű = 1.618é. 

The Fibonacci Sequence: 1-D quasiperodic chain 

The lattice is created from at least two building 

blocks and the blocks are tiled according to the 

given rule          Penrose tiling. 

Penrose Tiling: 2-D quasiperiodic systems 



Evidence of quasicrystallinity in alkali metal adlayer 

Beam energy: 78 eV            sensitive to top 1-2 layers. 

Quasiperiodic order decreases for > 1.2 ML 

Na: 

Perfect Quasiperiodic up to 1.2 ML 

Quasiperiodic order diminishes > 0.6 
ML. 

             K:    

Quasiperiodic  growth up to 0.6 ML  

  Quasiperiodicity propagates to Na bilayer. 

               
Mn:    

Quasiperiodic  order vanishes by 0.8 ML 

A. K. Shukla et al., Phys. Rev. B 73, 054432 (2006); Phys. 

Rev. B, 79, 13406 (2009). 



Embedded nano-system: Rare gas bubbles in Al 

Rare 

gas 

ions 

ion irradiation (0.3 
to 5 keV) in UHV 

(dynamic process)  
Aluminum  

Rg insoluble in Al : 

Rg atom pseudopotential repulses 

the Al  conduction electrons. 

Precipitates into bubbles (vacancy 

absorption and coalescence) 

% concentration 

Donnelly et al., Science, 296, 507 (2002) 

HR-TEM:Xe  

   Schmid et. al., Phys. Rev. Lett., 76, 2298, 1996. 

STM: Ar  



Biswas, Shukla, Banik, Barman, Chakrabarti,  

Phys. Rev. Lett. 92, 115506  (2004). 

The bulk and the surface 
plasmons appear as loss 
structures in core level 
XPS.  

Dhaka and Barman, Phys. Rev. Lett. 104, 036803  (2010). 

Shift due to Al conduction electron screening  

dependent on rare gas bubble size. 

Rare gas photoelectrons excite Al plasmons. 

Photoemission studies on rare gas bubbles in Aluminum 



Inverse photoemission spectroscopy (IPES) : the process  



The inverse photoemission spectrometer 

A.  K. Shukla, S. Banik, S. R. Barman, Current Sci. 90, 490 (2006). 

S. Banik, A. K. Shukla, and S. R. Barman, Rev. of Sci. Instrum. 76, 066102 (2005). 



A look into the chamber 
IPES detector and electron gun 

mounted in the IPES chamber. 



Geiger Mueller type band pass acetone/CaF2 photon detector 

MgF2 window Tungsten anode Teflon support

Stainless steel  cathode Ceramic feedthrough

Pumping port

ÅAcetone/CaF2combination. 

Å 1.6 mm diameter s.s. anode. 

Å 0.75 to 1 mbar acetone filling. 

Å  745  Volts to anode. 

Å Detector dead time: 4m sec. 

High energy  

cut-off by CaF2 (10.2 eV) 
Low energy  

cut-off by 

 acetone 

IP (9.7 eV) 9.9±0.2 eV 

M. Maniraj et al. Rev. of Sci. Instrum. 83, 093901 (2011). 


