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Introduction: Martensitic (Magnetic) Alloys

Martensite Austenite
(flrst order
MPT)
> T
B
¥
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e Thermal hysteresis: Vital for applications,
but fundamentals elusive....
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Introduction: Minimization of Thermal Hysteresis

e Recent theoretical work by James et al.: Geometrical compatibility between
austenite and martensite unit cells vital for AT.

e An invariant plane occurs at their interface if, 4, = 1, where 4, , ; are the ordered
eigenvalues of the transformation stretch matrix, U.
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Application to Magnetic Alloys: The Route to Ni.,,Co,Mn,,Sn,,

e Step | Full Heusler alloys Ni,MnZ, Z = Sn, In, Ga, etc. Nis,Mn,<Sn,s
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Application to Magnetic Alloys: The Route to Ni.,,Co,Mn,,Sn,,
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Application to Magnetic Alloys: The Route to Ni.,,Co,Mn,,Sn,,
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Magnetism in Ni., ,Co,Mn,,Sn,, (and Related Systems)
e High T, high AM, convenient T,,, low AT
e F austenite, non-F martensite (AF or P?)

e Nominally non-F martensite reveals some significant surprises:

> Superparamagnetic-like behavior at low T (in a bulk solid!)
> Exchange bias in blocked low T state (in a single phase)

> Collective freezing. Super-spin-glass?

> ZFC exchange bias

| Nanoscale Magnetic
Inhomogeneity?

e Acute sensitivity of magnetism to composition

APPLIED PHYSICS LETTERS 96, 112504 (2010)
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Experimental Details

e Arc-melted polycrystalline bulk ingots

[Srivastava et al APL (2010);
Bhatti et a/ PRB (2012)]

e Characterized by:
> DSC
> T-dependent XRD

> T-dependent Neutron Powder
Diffraction (NPD)

> Magnetometry

> Small-Angle Neutron Scattering
(SANS)

> >>Mn zero-field NMR
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Ni, ,Co,Mn,,Sn,, Phase Diagram
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Ni, ,Co,Mn,,Sn,, Phase Diagram
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Ni, ,Co,Mn,,Sn,, Phase Diagram
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Ni, ,Co,Mn,,Sn,, Phase Diagram

N|50Mn25+y8n25_y
e/a
7.8 8.0 8.2 8.4
T T T T:
700 4 (&) :
TM
600 -
500 -
400 -
AF (Mart.)
300 - S
F (Aust.)
200 -
100 -
O | | ! | |
0 5 10 15 20

Ni50_XCoXMn4C)Sn10

8.06

el/a
6008.20. | -8.'.15- _ .8',10.
| (b) -
I P (Aust.)
500 - l
|
|

—_—

~ y
EB Clustered

(Mart.)




Ni, ,Co,Mn,,Sn,, Phase Diagram

N|50Mn25+y8n25_y
e/a
7.8 8.0 8.2 8.4
T T T T:
700 4 (&) :
TM
600 -
500 -
400 -
AF (Mart.)
300 - S
F (Aust.)
200 -
100 -
O | | ! | |
0 5 10 15 20

Ni50_XCoXMn4C)Sn10

8.06

el/a
6008.20. | -8.'-15- _ .8',10.
| (b) -
I P (Aust.)
500 - l
|

—_—

= y
EB Clustered
(Mart.)




M [emu/cm’]

Muvs. T (x=2)

Ni48C02I\/In40Sn10

30-

0.08 ‘_\ ~ H = 5000 Oe
IS S201
0.06 - v S 1)
! E 1/
Ello-.f/o k
= |
004 u s 0 | /\
& | 0 100 200 300 400 500
k T [K]
0.021 7 L
1 . ECC H =10 Oe _‘h..,\-‘
O-OO - 'fo'—' IZ'F'C\'/VI | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! '
0 100 200 300 400 500

T [K]



Mvs. T (x=6)
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Mvs. T (x=6)
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Muvs. T (x =14)
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Myvs. T (x = 14)

Ni,,Co, ,Mn,Sn,,

—— FCC
10 "|rwnsssssnnnssssssssnanseseane — ECW
OooooooooOOOOOOOOOOOOOOOOOOOOOOOOOOO ° Z F CW
& 81 I H=10 Oe
= 900 ——5K e
O | ——300K 4 -
S 6- e L T F
c "z 300 )
& 4 | é 0: ....................... - % asseeme i #
s 7] s é
-600{ . w;j;
21 soof et
75 50 25 0 25 50 75
0 H [kOe] %
0 100 200 300 400 500 600

T [K]




M vs. H (x = 2)
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M vs. H (x = 6)
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Superparamagnetic-like Behavior
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Exchange Bias
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> SP blocking at 100-150 K
> EB blocking at 60 K
> Large H, peak

e X =0:

> SP blocking at 60 K
> EB blocking at 60 K
> No H, peak



Phase Diagram
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SANS (x = 6)
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SANS: g Dependence
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SANS: g Dependence

e Low g Porod scattering:

> Increases below T,
> Magnetic domain scattering
> Proof of long-range F order (>> 100 nm)

e High g Lorentzian scattering:

> Peaks at T,
> F spin correlations

dz/dQ [em™]

100

10;

100

0.1+
e Intermediate g scattering: 100;
o 10
> A peak develops! 27t/g ~ 120-200 A |
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e g =0.005A1(1200A):
> Sharp onset of domain

scattering at T,

> Hysteretic loss at T,

eg=0.1A1(60A):

> Critical scattering
peak at T,

SANS: T Dependence
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e g =0.005A1(1200A):
> Sharp onset of domain

scattering at T,

> Hysteretic loss at T,

eg=0.1A1(60A):

> Critical scattering
peak at T,

> 130 K transition (!), clearly
associated with clusters
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SANS T Dependence: Porod

O 100 200 300 400 500
T [K]

e Scattering in martensite strong, T-dependent

e Paramagnetic, n = 4 (grains); Ferromagnetic, n = 2 (pinned domains); Martensitic,
n =3 (AF domains?)

e Additional (indirect) evidence for AF order in the martensite



SANS T Dependence: Gaussian
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e Gaussian peak intensity actually emerges at high T (even above T.?)
e Peak position weakly T-dependent. Peak width decreases on cooling

e Correlation length > 5 inter-particle spacings! Collective response*?

*Cong et al APL (2010); APL (2010) and Wang et al PRL (2011)



SANS T Dependence: Lorentzian
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e Only present in significant intensities in paramagnetic phase

e Magnetic correlation length divergesas T — T/



Qualitative Model
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Qualitative Model
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Qualitative Model
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AF in the Martensite: Neutron Diffraction Problems

e AF known at Nic,Mnc,, suspected in some
formin NigoMn,s, Snys

e Indirect evidence:

>x(T)

> Exchange bias
> SANS (Porod scattering)

e Why not just do neutron diffraction?

> Texture an issue

> Looking for the onset of AF order
simultaneous with MPT to low
symmetry state (very challenging
refinement)
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AF in the Martensite: Neutron Diffraction Problems
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AF in the Martensite: >>Mn Zero Field NMR
(y/2m = 10.5 MHz/T)

N = 10 1 NisoxCoxMngoSnyg
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Frequency f (MHz)
e NMR signal enhancement factor, ), measured by calibration to °F

e Typically: High njin Fs, low 1 in AFs



AF in the Martensite: >>Mn Zero Field NMR
(y/2m = 10.5 MHz/T)
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e Unambiguous F/AF assignment

e The martensite indeed has ordered AF, decreasing with Co substitution



AF in the Martensite: >>Mn Zero Field NMR
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e AF/F phase coexistence at low T

T (K)

e Volume fractions << 1 at elevated T. Short-range AF order!

(uonoelj awn|oA)

NisoMngeSny,
(x=0)

e AF more thermally stable than F. Simultaneous AF/F blocking at ~ 10 K. Second F
blocking at ~ 100-200 K. AF transition at ~ T,,. T; when T, = tyyr (MHz).

e Solid lines: SP model, F cluster diameter = 8.5 + 4.0 nm



Conclusions

® Nisq,Co,Mnys, Sn,s 0 Physically very interesting, potentially useful set of alloys
e High T, convenient T,,, exceptionally low AT, high AM

e Nanoscale magneto-electronic inhomogeneity:

> SP-like freezing of nm-scale spin clusters
> Exchange bias in a nominally single-phase system
> First direct observation by SANS
(liquid-like distribution, d. = 2-6 nm, d_. .= 12 nm, strong interactions)
> First observation by zero-field >>Mn NMR
(proof of short-range AF order, d.= 8.5 = 4.0 nm)

e New magnetic phase diagram

e Qualitative model based on (unavoidable) compositional fluctuations
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