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…Уступая моде, распространенной среди физиков первой
половины XX века, интерпретировать все формально
получаемые результаты с помощью простых физических
представлений, выделим…

… Можно, конечно в духе классиков начала XX века еще
порассуждать, например представить, что…

Иридий Александрович Квасников,
II, 270

Magnetic resonance and quantum criticality

Идеи и методы…
Неполиткорректная лекция



If there any regularities which link quantum critical 
phenomena  and magnetic resonance?  



Introduction. Quantum criticality
and electron spin resonance

Quantum spin chains in disorder driven  
quantum critical regime.
(Dielectrics, 1D systems).

Quantum critical phenomena in the nano-world.
(Bad conductors, 2D systems).

Quantum criticality in strongly correlated metals.
(Good conductors, 3D systems)

T

x
QCP

Final remarks
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1Quantum critical behaviour.
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2Quantum critical behaviour. Possible problems.
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3Quantum critical behaviour. Possible problems.

“Please, be so kind to tell us what kind of transition 
do we have.”

Experiment…

QCP

Theory…



R.B.Griffiths. Phys. Rev. Lett., 23, 17 (1969); A.J.Bray, Phys. Rev. Lett., 59, 586 (1987)

In a disordered magnet
dispersion of the exchange
constants J exists

θ−
=χ
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Uncorrelared spins.
Curie-Weiss law for
susceptibility

High
temperatures
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Correlated spin clusters.
Power law for susceptibility.

Lowering
temperature

Low
temperarures

4Disorder driven QC phenomena.



The model:
S.V.Demishev, Phys.Sol.St., 51(3), 514 (2009)
S.V.Demishev, Phys. Stat. Sol. B, 247(3), 676 (2010) 
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5Disorder driven QC phenomena. The model.



V.K.Arkad’ev
Ferromagnetic resonance
(observation? prediction?)

Ya.G.Dorfman
EPR (prediction)

I.Rabi Magnetic resonance
in molecular beams

E.K.Zavoiskii
EPR (discovery)

J.Griffiths FMR (discovery)

F.Bloch, E.Purcell
NMR (discovery)

C.Gorter
AFMR (discovery)

C.Kittel
(theory)

L.D.Landau, E.M.Lifshits
Equation of motion

for magnetic moment
MAGNETIC
RESONANCE
in XX century

6Magnetic resonance. History.



Magnetic 
resonance

Chemistry

Geology

Biology
and

Medicine

Food
industry

Do we still have 
something

left to discover?

7Electron paramagnetic resonance. Applications.

Quantum
computers
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Spin = magnetic arrow

B

Precession of a magnetic moment
in magnetic field

Landau-Lifshits equation of motion:
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9EPR as a simple classical phenomenon.
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10EPR in strongly correlated systems.
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Strongly correlated spin system T=0

Classical spin rotation in quantum critical phenomena? 

Quantum description is difficult and possible in a limited set of cases
(AF S=1/2 quantum spin chain, Oshikawa-Affleck theory).

T≠0 ??



We can No way We can No way

Isolated
spin

Fine structure
of absorption line

Line shape
Sometimes… Incorrectly…

Selection rules

Experimental geometry,
polarization If you a clever… Easily!

Strongly correlated
system

AF S=1/2 chain

Abrahams-Wolfle
theory

11Quantum vs. classical



Introduction. Quantum criticality
and electron spin resonance

Quantum spin chains in disorder driven  
quantum critical regime.
(Dielectrics, 1D systems).

Quantum critical phenomena in the nano-world.
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Doping of S=1/2 (Cu2+) 
chains with S=3/2 (Co2+) 
S=2 (Fe2+) and 
S=5/2 (Mn2+) impurities

Effect of doping-induced 
structural disorder
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12Doping of CuGeO3 with magnetic impurities.
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13Experimental ESR spectra.
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14Magnetic impurities driven Griffiths phase. Theory vs. experiment

ESR monitors quantum spin chains

Tm~120 K~Jc

Theory works!

Spin-Peierls transition is suppressed by 
doping



Magnetic 
impurity Staggered magnetic 

moment (field and
impurity induced)

Cu2+

S=1/2 intrinsic magnetic 
momentsB
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chain
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15New ESR regularities in QC systems. Oshikawa-Affleck theory.
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Lowering temperature results in freezing of the magnetic contribution of the spin clusters
for which condition TN>T holds.
A two-phase model (“frozen” and “non-frozen clusters”) 
may by introduced. The probability W(TN) defines 
“frozen” part of the sample volume.
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16Estimate of the characteristic cluster size.



17CuGeO3 crystals of nanosize.
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400 nm

VOx multiwall
nanotubes

L/D ~ 102

VOx plane

33 Ao

6.13(1) Ao

V oxidation rate +4.2

80% V4+

20% V5+

VOx nanolayers
(pre-VOx-nanotubes)

18Vanadium oxide nanomaterials (nanolayers and nanotubes). 
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19ESR in VOx naolayers and nanotubes. 

Single ESR line

g=1.96±0.02
Two ESR lines gA=1.96±0.02

gB=2.5±0.1
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V4+-V4+

AF dimer

Again staggered field??
2D spin system rather 
than 1D…
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Change of background
free electrons in the sample

++ →+ 45 VeV
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21Concentration estimates of various spin states.
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22Concentration estimates of various spin states.
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Energy spectrum Nature, 431,672 (2004)
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23Concentration estimates and DOS of various spin states.
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a=0.456 nm

Parameter controlling quantum criticality (pressure, 
concentration, etc.)

After decay of the phase with 
long-range magnetic order an 
intermediate phase with 
short-range (fluctuation-driven) 
magnetic order should be formed. 
There is hidden QCP.

Intermediate phase
(Chiral spin liquid,
CSL)

25Quantum criticality in Mn1-xFexSi. Theoretical expectations.

B 20 structure
Mn, Fe
Si

Parameter controlling quantum criticality (pressure, 
concentration, etc.)

Mn1-xFexSi substitutional
solid solutions (x<0.3).

Intermediate phase may mask
quantum critical anomalies like 
divergent magnetic susceptibility.

Hidden 
QCP



The extrema of  the ∂χ/∂T derivative 
may be used for identification of the 
magnetic phases with long-range 
and short-range magnetic order.

26Experimental methods for reconstructing magnetic phase diagram.

Long-range 
magnetic order
(Chiral solid)

Short-range 
magnetic order
(Chiral liquid)

Paramagnet 

(Chiral gas) Correlation between magnetic 
susceptibility and polarized 
neutron scattering data is 
established in Mn1-xFexSi.
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27Experimental results. Magnetic susceptibility.
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28Experimental results. T-x magnetic phase diagram.

There are two quantum critical points, x* and xc. The first  QC point x* ~ 0.11 
corresponds to disappearance of LRO and is a hidden one, which is 
located inside the SRO phase. The second QC point xc ~0.24 is a “true” one 
and marks suppression of the magnetic phase with SRO (chiral spin liquid).

xcx*

B=0

PercolationExchange 
energy



29QC points and ESR. Phase diagram of Mn1-xFexSi for B=Bres. 
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30ESR in Mn1-xFexSi. Results.

Strong broadening of the line width 
(enhancement of spin fluctuations) 
with iron concentration.

Universal scaling W(T )/W(TSP)=1+a(T-TSP)2 for all concentrations except 
quantum critical points x* and xc.

Violation of the standard Korringa relaxation law W(T )~1/χ(T )~(T-TSP).

Weakening of the W(T) temperature dependence just at quantum critical points.

60 GHz ESR spectra



31ESR in Mn1-xFexSi. Theory vs. experiment.

Theory of the ESR in strongly correlated metals

Korringa relaxation should be valid even in 
strongly correlated metallic case

Expression for ESR line width in strongly 
correlated metal in vicinity of the QC point:

is a crossover temperature between 
Fermi-liquid 
and non-Fermi-liquid 
regimes.

Even in strong magnetic field QC points x* and xc derived in the limit B→0 are still here.

ESR is a right tool to visualize QC points including hidden QC point.

Reasonable fit of the experimental data assuming  Tx ~TSP, 
i.e. Tx ~11 K for x* and Tx ~0 K for xc.



32Driving forces for quantum transitions in Mn1-xFexSi. 

x*Iron concentration

Curie 
temperature

Exchange
energy

Curie temperature does not follow
exchange energy.

J >0

J <0 ?

What happens with the exchange
energy at higher concentrations?

Why Mn subsystem breaks into spin clusters at relatively low concentrations, 
where the formal percolation may exist (xc~0.83 instead of observed xc~0.24) ? 
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3
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1

exchange (AFM)nn   third
exchange (AFM)nn next 

exchange (FM)nn  

JJ
J
J
J

≅
−
−
− 32.021.0~/ 12 −crJJ

Frustration try to align spirals 
along (110).

DM interaction try to align spirals 
along (111)

Why intermediate phase is formed? Why LRO phase is supressed?

33Driving forces for magnetic transitions in Mn1-xFexSi. An idea. 

Competition between two 
interactions may lead to
loosing of the long-range
order and formation of the 
chiral liquid state.

J1

J2, J3

In Heisenberg paradigm RKKY exchange 
defines J1, J2, J3 parameters, which may be 
tuned by variation of the electron concentration.



34Driving forces for magnetic transitions in Mn1-xFexSi. 
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35Estimation of RKKY interaction in Mn1-xFexSi. 
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Grigoriev et al.,
PRB, 79 (2009)

In the vicinity of QC points ⏐J1 ⏐ ~ ⏐ J2 ⏐. 
Frustration is essential.

Frustration: Tc goes to zero faster than J1.

Frustration: breaks coherence of the magnetic 
state of Mn ions and “helps” forming separated 
spin clusters at xc. 



36Nature of quantum criticality in Mn1-xFexSi. 

Quantum criticality in Mn1-xFexSi is driven by change of electrons 
and holes concentration (i.e. change of the Fermi surface) 
together with disorder effects. 



Introduction. Quantum criticality
and electron spin resonance

Quantum spin chains in disorder driven  
quantum critical regime.
(Dielectrics, 1D systems).

Quantum critical phenomena in the nano-world.
(Bad conductors, 2D systems).

Quantum criticality in strongly correlated metals.
(Good conductors, 3D systems)

T

x
QCP

Final remarks



37Strong final statements (instead of conclusions).

ESR is a right tool to study quantum criticality. Are other tools right?

Look for staggered field  (low temperature growth of the line width) 
and you will find QC phenomena!

ESR in metals is almost unexplored route 
to quantum criticality.

In many cases quantum criticality is 
nothing but a section of nanomagnetism.
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