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What are we doing?

1. Magnetoresistive, Multicaloric, Magnetostrictive, and thermoelectric properties
2.  High-frequency magnetoresistance 
3.  Spin Caloritronics (Nernst and Spin Seebeck effects, Magnetothermopower)
4.  Impacts of microwave irradiation on synthesis and physical properties of oxides 
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Thermopower & Resistivity 

Vibrating Sample 
magnetometer

 VNA based FMR spectrometer
 
Superconducting magnet (PPMS)

Spin-thermoelectrics,         
Magnetoimpedance,
Magnetoelectrics
  Probe station
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Capacitance dilatometerCryogenic FMR spectrometer

Synthesis by 
microwave irradiation  
& sintering

f = 2 to 18 GHz, T = 400 - 5 K

T = 310 -5 K
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Outline

o Magnetoimpedance (MI) in metallic  Oxides:  R0.6Sr0.4MnO3  (R = Nd, Pr, La)
o MI in insulating Oxides:  La2NiMnO6,  YIG,  and  also DPPH
o Relevant to recent studies in magnetic/nonmagnetic bilayers
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PM
FM

o MR is negative and isotropic

o CMR  for H = 30-50 kOe but 
smaller  -MR (< 5%) for H < 1 
kOe.

o MR with direct-current (dc MR ) 
is widely reported.

o Small polaron hopping for T > 
TC to metallic conduction for T < 
TC.

o How does electron hopping, 
hence, the MR respond to an 
oscillating current? 

6R. Von Helmolt et al, PRL , 71, 2133  (1993)

Colossal DC Magnetoresistance in Mn-Perovskites

LaMn3+O3 :Antiferromagnetic  
Insulator  (TN = 140 K)



Z(f,Hdc ) = R(f, Hdc) +jX(f, Hdc)

Ac Resistance  Reactance

Electrical Impedance:

Agilent E4991 RF 
Impedance 
analyzer

  f = 1 MHz to 3 GHz

Ac Magnetoresistance :  MRac = ΔR/R = [R(H)-R(0)]/R(0)
Magnetoreactance  :       MX  = ΔX/X = [X(H)-X(0)]/X(0)

Experimental setup for Microwave magnetoimpedance Experiment:  Magnetoimpedance
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Magnetocapacitance in a 
multiferroic oxide: BiMnO3

T. Kimura et al. PRB(2003)

Magnetoimpedance in 
amorphous ferromagnets

 L. Panina, APL, 65,1190 (1994)

Z = [1/R+/iωC]-1 
Z = R+iωL

For a leaky capacitor For a metal
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Ac Electrical Transport in Pr0.6Sr0.4MnO3

TC = 305 K

Reactance (X) for f=1 & 5 MHz 
mimics the  ac χ

R. Mahesh et al., J. Appl. Phys. 
112, 123915 (2012)

AC Electrical resistivity of Pr0.6Sr0.4MnO3 in H = 0 and H < 1 kOe
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Ferromagnetic @ 300 KParamagnetic @ 300 K

 

Dc MR = -6% for H = 1 T Dc MR = -2% for H = 1 T 

Nd0.6Sr0.4MnO3 Pr0.6Sr0.4MnO3

                    Magnetism and dc electrical resistivity in  R0.6Sr0.4MnO3 (R= Pr,Nd)  
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Ac MR in paramagnetic  Nd0.6Sr0.4MnO3 
Ac Magnetoresistance       Magnetoreactance

▪ Single peak in MR  at H = 0 for   
f < 0.9 GHz

▪ Double peaks at Hdc  = ±Hp for 
higher f, 

▪ Hp shifts up as  f increases.

- Sign of MRac  changes as f 
increases

- MRdc =  -2% at   10 kOe

- MRac = +5 % for  2.5 kOe   @  3 
GHz

 
A. Chanda and R. M, J. Phys. Chem. C 124, 18226 (2020)

Hp = Hres
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Pr0.6Sr0.4MnO3  (Ferromagnetic)Nd0.6Sr0.4MnO3  (Paramagnetic)

The  “canal”  in MRac in FM sample is narrower than in PM sample.
 
MX shows a distinct peak around the zero field  in the FM and PM sample

  Ac MR in  paramagnetic vs ferromagnetic  samples
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Features in MR and MX are  
interconnected

It is sufficient to analyze either MR or MX   

A model fit 
using 2 
Lorentizians
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Tuning TC & Ac MR   in La0.6Sr0.4Mn1-xGaxO3  ( x = 0 to 0.3)

FM@300K

o Giant +ve MR 
(~ 80%) at low 
fields !!! 

o -ve MR also 
increases to 
~40% !!!

PM@ 300K
A. Chanda et al, J. Appl. 
Phys. 126, 08395  (2019)
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What is the origin of  ac magnetoresistance?

Since transverse permeability (μ) is complex    

Z= R+ijX Impedance of  ac current carrying conducting slab 

Thus,  ac  MR  is influenced by  
H-dependence of  μt !!!
The peak in ac MR may be caused 
by magnetic resonance in the 
sample

Ac magnetic field  is  created transverse to the current flow, 
which interacts with the magnetic moments of the sample.

 Skin depth  decreases as  ω increases

High frequency impedance

Impedance at high frequencies:
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Iac ║  Hdc Hac ┴ Hdc

Key point: Ac  magnetic field in magnetoimpedance is transverse to  dc field    
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17APL, 69, 3084 (1996)



Electron spin resonance  in DPPH Ferromagnetic resonance in CoFeB

Typical ESR and FMR spectra

Kittel’s equation
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Barandiaran et al. J. 
Appl. Phys. 99, 103904 
(2005)
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Proof 1. Measurement of MW power absorption using a Cu-strip coil & VNA

Pr0.6Sr0.4MnO3 Nd0.6Sr0.4MnO3
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Proof 2:  Double confirmation of ESR/FMR with a commercial broadband 
magnetic resonance spectrometer 21



 Ac Magnetoresistance Broadband  ESR  

For ESR:  f = (γ/2π) Hres

Nd0.6Sr0.4MnO3

 Ac magnetoresistance &  broadband ESR  
22



Can we measure an insulating sample?

Trick 1: Enclose the sample with  rectangular copper strip 
and measure its impedance

La2NiMnO6  
(TC = 270 K)
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Broadband ESR & MI  in La2NiMnO6

Comparison of 2  different techniques
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One unpaired spin (free 
radical) per 41 atoms 

DPPH is used as a ESR 
marker  

Trick 1:  Enclose the sample in  a Cu-strip coil

Magnetoimpedance of an insulating organic molecule: DPPH   

U. Chaudhuri and R. Mahendiran, RSC Adv, 
10. 17311 (2020)
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Trick 2:   How about making a conducting electrode on DPPH?     
 

Y. H. Lee, U. Chaudhuri, and R. Mahendiran, Electrically detected paramagnetic resonance in Ag-paint 
covered DPPH, J. Phys. Chem. C  (2021)

Coat the top surface and sides of DPPH 
with   Ag paint  
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Bulk ceramic YIG Thin film YIG/GGG
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Magnetoimpedance in organic-inorganic complex 
(PFB)2MnCl4  

In collaboration with K. P. Loh, Chemistry, NUS 

γ/2π= 2.8 GHz/kOe 
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Electrical detection of  FMR via  inverse spin Hall effect(ISHE)

ISHE: Spin current pumped 
from NiFe into Pt film  is 
converted into a charge 
current

 Sample is inside a microwave cavity
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Back flow of  spin current to Pt induces dc voltage in the 
Pt due to Inverse spin Hall effect (ISHE) .

Our experiment does not need a layer of high-spin orbit 
coupling normal metal.

Will ac ISHE or ac spin Hall MR  larger than dc 
counterparts?  

Current-driven FMR in  FM/NM bilayers: Detection by Inverse Spin Hall effect 

YIG/Pt

Z. Fang, APL
110,092403 (2017)

RF current through  non-magnetic “Pt”  injects 
pure spin current in  the FM layer, which 
transfer spin angular momentum to M in FM 
layer and causes spin precession.    
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Nonlinear coupling between 
dynamic magnetoresistance 
and  induced rf current

H.J. Juretschke, DC detection of spin 
resonance in thin metallic films, J. Appl. 
Phys. 34, 123 (1963).

Electrical detection of  FMR  in a single layer film : DC voltage at FMR in NiFe 
film due to spin rectification 31



Spin rectification Spin pumping Spin Transfer Torque 

Multiple sources of dc voltage in a bilayer

Nonlinear coupling 
between dynamic 
MR and Irf

ISHE dominates Nonlinear coupling 
between dynamic 
MR and Irf
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DC voltage  at FMR/ESR in bulk ceramic sample (In progress)

FM

PM

FM

FM

Simultaneous 
FMR and dc 
voltage detection
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Summary
• Ac MR >>  dc MR. 

• Ac MR shows fingerprints  of   ESR/FMR.
• They were verified also by VNA-based  MW power absorption, and broadband 

spectroscopy 

• Ac MR is a simple, but less exploited technique. It can be explored for domain wall 
resonance and domain mode resonance in non-saturated regions.

Feature directions:
- Origins other than Oersted field?   Spin-Transfer Torque?

- Does the ac spin Hall effect play any role?

- Extending the technique to  single layer and bilayer films.
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2. Spin-orbit torque driven FMR in  a single layer

Ga0.95Mn0.05As (TC = 120 K)

SOC coupling in 
non-centrosymmetric 
bulk sample can drive 
FMR

-Similar to our MI ?
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Barandiaran et al. J. 
Appl. Phys. 99, 103904 
(2005)
 

Double peak in MR : Reminiscence of  paramagnetic/ferromagnetic resonance?

                 
              Hrf  

Irf

Conventional FMR with 
sample inside a microwave 
cavity
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Absorbed Power in ESR/FMR:

YIG
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