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Motivation
Multiferroics

Multiferroic Magneto-‐Electric

Ferroic	  Orders:	  ferromagnetism	  (M),	  ferroeletricity	  (P),	  and	  ferroelasticity	  (𝓔),	  …

Solid	   state	   systems	   exhibiting	   simultaneous	   (anti)	  
ferroelectric	   ((A)FE)	   and	   (anti)	   ferromagnetic	   ((A)FM)	  
orders	  	  -‐	  Multiferroics;

Maximization	  of	  the	  (A)FE-‐(A)FM	  coupling

possibility	  to	  manipulate	  the	  magnetic	  degrees	  
of	  freedom	  electrically	  or	  vice-‐versa;

Possible	  applications:	  new	  non-‐volatile	  	  memories	  with	  magnetic/	  electric	  Read/	  Write;
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-‐	  Spinel	  Family:	  

ACr2X4,	  	  A=Cd,	  Hg,	  Co,	  Fe;	  e	  X=S,	  Se,	  O	  

-‐-‐	  Cubic	  Face	  Centered	  packing	  

-‐	  A	  Coordenated	  tetrahedrically	  

-‐	  B	  Coordenated	  octahedrically

A	  site	  Cd2+

CdS4

B	  site	  Cr3+

CrS6

Crystal	  Structure

synthesised	  in	  closed	  quartz	  ampule

800ºC	  10-‐5	  torr	  2	  months

Spinel	  Cubic	  structure:	  Fd-‐3m
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Temperature	  dependence	  of	  𝜒-‐1	  measured	  on	  heating	  and	  with	  
H=103	  Oe.

Temperature	   dependence	   of	   complex	   dielectric	  
constant.	  The	  CdCr2S4	  sample	  was	  measured	  to	  a	  
frequency	  of	  500	  KHz,	  1	  and	  5	  MHz.

Small	  increase	  	  @	  86K	  -‐>	  above	  ferroelectric	  transi1on	  	  

Phase	  Transi1on	  Para/Ferromagne1c	  
Curie	  T	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐>	  TC=86	  K	  
Curie-‐Weiss	  T	  	  	  	  	  -‐>	  θp=128	  K

Vogel-‐Fulcher	   Law	   representation	   of	   the	  
reciprocal	   dielectric	   constant	   maximum	   peak	  
position	  as	  a	  function	  of	  temperature.
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Fd-‐3m	  to	  the	  F4-‐3m	  noncentrosymmetric	  space	  group,	  which	  
permits	  the	  existence	  of	  electric	  dipoles.

Space	  group	  -‐	  ferroelectric	  order

discovery	   of	   phonon	   anomalies	   at	  TF	  <	  130	  K	   suggests	   that	  
the	  electronic	  polarizability	  is	  enhanced	  by	  the	  Cr-‐S	  distance	  
and	  respective	  bond	  hybridization.

cluster	  volume	  
reaches	  the	  
percolation	  

limit



Pair	  Distribution	  Function

The	   PDF	   results	   at	   80	   K	   of	   the	   spinel	   CdCr2S4	  
structure	  (blue	  dots),	  as	  a	  solid	  red	  line	  (dit),	  with	  
the	  difference	  curve	  (green)	  offset	  for	  clarity.	  

Amplitude	  of	  the	  Cr	  
local	  off-‐centering.	  

Δrmax	  <	  0.012	  Å	  
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(a)	  The	  temperature-‐dependent	  lattice	  parameters.	  (b)	  Isotropic	  ADPs	  of	  the	  Cr	  atom;	  inset:	  isotropic	  ADPs	  of	  the	  Cd	  and	  S	  atoms.	  (c)	  
Amplitude	  of	  the	  local	  Cr	  off-‐centering.	  (d)

Schematic	   representation	   of	   the	   local	   environment	  
of	   Cr3+	   as	   a	   function	   of	   temperature	  based	  on	  our	  
dindings.

T	  >	  130	  K-‐negative	  thermal	  expansion	  regime

TPM	  ∼115K	  -‐	  negative	  thermal	  expansion	  regime

T	  <	  130	  K-‐positive	  thermal	  expansion	  regime
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EFG	   temperature	   dependence	   parameters	   in	   the	   CdCr2S4	   system,	  
the	   fraction	  of	  each	  EFG	  (bottom),	  asymmetry	  parameter	   (middle)	  
and	  fundamental	  frequency	  (top).	  

EFG1	  -‐-‐>	  𝒗Q1=72	  MHz	  and	  η=0.1	  
EFG2	  -‐-‐>	  𝒗Q2=0	  MHz	  	  (Probe	  @	  Cd	  cubic	  site)

2	  Local	  Environments
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Representative	   R(t)	   functions,	   correspondent	   dits	   and	  
respective	  Fourier	  transform.

EFG1	  -‐-‐>	  𝒗Q1=72	  MHz	  and	  η=0.1	  
EFG2	  -‐-‐>	  𝒗Q2=0	  MHz	  	  (Probe	  @	  Cd	  cubic	  site)

2	  Local	  Environments
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From	  119K	  to	  92K:	  
	  	  	  	  	  	  Dynamic	  Attenuation	  is	  observed	  (λ)	  

Slow	  thermally	  activated	  process	  

Activation	  Energy	  (Ea)=0.1	  eV

Cr	   ions	   oscillate	   between	   equivalent	   potential	  
energy	  minima	  towards	  an	  order-‐disorder-‐type	  
phase	  transition

λ1 = λ∞e
Ea
KT
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Representative	   R(t)	   functions,	   corresponding	   dits,	   and	  
respective	   Fourier	   transform	   taken	   at	   different	   temperatures	  
for	  the	  117Cd	  probe.

Perturbed	  Angular	  Correlation

1	  Local	  Environment

A	  site	  Cd2+

No	  “exponential”	  damping	  of	  the	  R(t)

High	  Larmor	  frequency	  is	  observed

EFGCd	  →	  𝒗Q≃0	  MHz

Paramagnetic	  Region

Ferromagnetic	  Region

local	  distortions	  of	  the	  magnetic	  ion	  Cr3+.	  
And	  macroscopically?
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Temperature	   dependence	   of	  𝝌-‐1	   measured	   on	   hea1ng	   and	  with	  
H=103	  Oe.

Temperature	   dependence	   of	   complex	   dielectric	  
constant.	   The	   CdCr2S4	   sample	  was	  measured	   to	   a	  
frequency	  of	  500	  KHz,	  1	  and	  5	  MHz.

Small	  increase	  	  @	  86K	  -‐>	  above	  ferroelectric	  transi1on	  	  

Phase	  Transi1on	  Para/Ferromagne1c	  
Curie	  T	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐>	  TC=86	  K	  
Curie-‐Weiss	  T	  	  	  	  	  -‐>	  θp=128	  K

Below	  	  116	  K	  	  
short-‐range	  magne1c	  clusters	  	  
H>100	  Oe	  cluster	  destruc1on

Vogel-‐Fulcher	   Law	   representation	   of	   the	  
reciprocal	   dielectric	   constant	   maximum	   peak	  
position	  as	  a	  function	  of	  temperature.

40 80 120 160 200 240 2809

10

11

12

 

 

 ε' 500KHz Heat
 ε' 1MHz Heat
 ε' 5MHz Heat

ε' 
(F

/m
)

Temperature (K)

TC

Increasing
frequency

0 40 80 120 160 200 240 2809.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

TC

 

 

ε' 
(F

/m
)

T(K)

1 MHz
τ

Magnetic	  and	  Electric

Relaxor	  like	  
behavior

80 90 100 110 120
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

PM
Phase

TPM

 

 

 H=101 Oe
 H=40 Oe
 H=20 Oe
 H=15 Oe
 H=10 Oe
 H=4 Oe
 H=2 Oe
 H=1 Oe

χ 
−1

 (m
ol

 e
m

u-1
)

Temperature (K)

TC
Polar<-->Magnetic

FM
Phase

50 100 150 200 250 300 350

0

10

20

30

40

50

60

C=4.32 (emu.K.mol-1)
θP=127.87 (K)
µeff=4.15µB

 H=103 Oe

χ
-1 (m

ol.em
u

-1)
Temperature (K)

Outline	  
Motivation	  
Crystal	  Structure	  
Macroscopic	  Characterisation	  
Local	  Characterisation	  
Perturbed	  Angular	  
Correlation	  
Pair	  Distribution	  Function	  
Summary	  
Acknowledgements

cluster	  volume	  
reaches	  the	  
percolation	  

limit



G = 1
2
A T −TC( )M 2 + 1

4
BM 4 + 1

2
A ' T −TPM '( )P2 + 1

4
B 'P4 −MH − PE −αPM

Magnetic	  -‐	  Theoretical	  Model

Inverse	  magnetic	  susceptibility	  resulting	  from	  theoretical	  
calculations	   of	   the	   Landau	   theory	   of	   phase	   transitions	  
considering	  linear	  magneto	  electric	  coupling

Landau	  
Thermodynamic	  
Model

Short	  range	  magnetic	  cluster	  (SRMC)	  in	  the	  PM	  regime	  
Linear	  correlation	  between	  electric	  and	  magnetic	  degrees	  of	  freedom
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Cr3+	  dynamic	  off-‐centering	  is	  intrinsically	  entangled	  to	  the	  formation	  of	  local	  dipoles,	  which	  
are	  responsible	  for	  the	  observed	  magnetic	  correlations	  between	  adjacent	  Cr3+	  neighbors.	  
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