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two macroscopic systems in thermal equilibrium

only energy exchange!

I II
Equilibrium means the 

equality of some physical 
parameter for two systems

But how to measure and/or to calculate this parameter?

The key-point here: the existence of equilibrium!

WHAT	  IS	  THE	  TEMPERATURE	  ?



two macroscopic systems in chemical equilibrium

only particle exchange!

I II
Equilibrium means the 

equality of some physical 
parameter for two systems

But how to measure and/or to calculate this parameter?

The key-point here: the existence of equilibrium!

WHAT	  IS	  THE	  CHEMICAL	  POTENTIAL	  ?



Temperature in thermodynamics

temperature is measured by 
the monitoring other 
physical parameters

•thermal	  expansion
•resistance
•voltage
•capacity
•...

TEMPERATURE	  IN	  THERMODYNAMICS
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variety of thermometers 
and temperature scales
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procedure of measurements

thermometric body the physical state 
of which is monitored; should be as 
small as possible in order to do not 
disturb the state of system under 
measurement
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procedure of measurements

thermometric body the physical state 
of which is monitored; should be as 
small as possible in order to do not 
disturb the state of system under 
measurement

What the size should be for the thermometer to measure the 
temperature of nanosystem??? Atom? Elementary particle? 
But their states are essential quantum ones!

TEMPERATURE	  IN	  THERMODYNAMICS



Ω(E) the number of microscopic states

!(E)

E

Ω(E) is the extremely rapid increasing function, it is better to work with lnΩ(E)

TEMPERATURE	  IN	  STATISTICAL	  PHYSICS



two systems are in equilibrium

!

E1

!(E1)!(E-E1)

E1 + E2 = E = const
Ω(E1) Ω(E2 )

Ω(E1) ⋅Ω(E − E1) shows the sharp maximum

An implicit assumption in the notion of thermal contact is that the system-
system interaction is vanishingly small, so that the total energy is simply the 
energy of one system plus that of the another
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two systems are in equilibrium

Ω(E1) Ω(E2 )

!

E1

!(E1)!(E-E1)

Em

ln Ω(E1) ⋅Ω(E − E1)[ ]maximum of 
∂ ln Ω(E1)( )

∂E1
=
∂ ln Ω(E2 )( )

∂E2
= β =

1
kBT

TEMPERATURE	  IN	  STATISTICAL	  PHYSICS



An implicit assumption in the notion of 
thermal contact is that the system-bath 
interaction is vanishingly small, so that the 
total energy is simply the energy of the 
system plus that of the baththermal bath

P(Eα )∝ exp −βEα( )

Eα

CANONICAL	  DISTRIBUTION



magnetic field H0

S = 1
2

ΔE = gµBH0

SPIN	  TEMPERATURE



H.B.G. Casimir, F.K. du Pre, Note on the thermodynamics interpretation of  paramagnetic relaxation phenomena, Physica 5(6), 
507-511 (1938)

 
Eα = −


µα


H0( )

P(Eα )∝ exp −βEα( )

energy

population

β =
1
kBT
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Eα = −


µα


H0( )

P(Eα )∝ exp −βEα( )
β =

1
kBT

energy

population

T > 0

energy

population

T < 0

inverse population,
lasers etc.

energy

population

T = ∞

SPIN	  TEMPERATURE



spin-spin interactions
H=HZ+Hss

 
Hz = ω0 Si

z

i
∑ Hss = AijSi

zSj
z +
1
2
Bij Si

+SJ
− + Si

−SJ
+( )⎧

⎨
⎩

⎫
⎬
⎭ij

∑
secular part of spin-spin interactionsHz ,Hss⎡⎣ ⎤⎦ = 0

!z

!ss

!ss

!ss

two spin temperatures - 
Zeeman temperature and the temperature of spin-spin 
reservoir

TWO	  SPIN	  TEMPERATURES	  ?

Insula;ng	  crystals	  for	  simplicity	  but	  generaliza;on	  is	  possible	  !	  



density matrix

ρs ∝ exp −βzHz( )exp −βssHss( ) = exp −βzHz − βssHss( )

high-temperature approximation

 ρs ∝ exp −βzHz − βssHss( )  1− βzHz − βssHss

 magnetic energy   heat energy

quasi-independent subsystems

 HzHss  Hz Hss

TWO	  SPIN	  TEMPERATURES	  ?



Hz

Hss

!z

!ss

!ss

!ss

 ω0

TWO	  SPIN	  TEMPERATURES	  

Two independent reservoirs



interaction with lattice (spin-lattice relaxation)

Hz

Hss

l
a
t
t
i
c
e

 ω
q

 
 ω q −ω0( )

Hz

Hss

l
a
t
t
i
c
e

 ω
 ′q

 
 ω0 −ω  ′q( )

 n
q ≈ n ′q ,  high-temperature approximation!!!     but    ρ(ω ) ∝ω

Hz Hss

l	  a	  t	  t	  i	  c	  e

T1Z T1ss
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Hz Hss

l	  a	  t	  t	  i	  c	  e

T1Z T1ss

TWO	  SPIN	  TEMPERATURES	  

nuclear	  
spins

l	  a	  t	  t	  i	  c	  e



interaction with lattice (spin-lattice relaxation)

Hz

Hss

l
a
t
t
i
c
e

 ω
q

 
 ω q −ω0( )

Hz

Hss

l
a
t
t
i
c
e

 ω
 ′q

 
 ω0 −ω  ′q( )

 n
q ≈ n ′q ,  high-temperature approximation!!!     but    ρ(ω ) ∝ω

Hz Hss

l	  a	  t	  t	  i	  c	  e

′T1Z

′T1ss

This effect is small enough

TWO	  SPIN	  TEMPERATURES	  



interaction with rf field (magnetic resonance)

Hz

Hss

R
F

f
i
e
l
d

 Ω

  Ω−ω0( )

Hz

Hss

l
a
t
t
i
c
e

  ′Ω

  ω0 − ′Ω( )

Hz Hss

subsystems become coupled

TWO	  SPIN	  TEMPERATURES	  



The	   developed	   approach	   was	   appeared	   to	   be	   very	   fruitful	   to	   understand	   and	   to	  
desciber	   many	   problems	   of	   magnetic	   resonance,	   like	   saturation,	   spin-‐lattice	  
relaxation	  etc.	  
But	  ONLY	  in	  the	  high-‐temperature	  approximation!!!	  	  

Goldman, M. Spin Temperature and Nuclear Magnetic 
Resonance in Solids (Oxford Univ. Press, 1970)

D. Wolf, Spin Temperature and Nuclear-spin Relaxation in Matter: Basic Principles 
and Applications (Clarendon, Oxford, 1979)

TWO	  SPIN	  TEMPERATURES	  



Low temperaturesdensity matrix

ρs ∝ exp −βzHz( )exp −βssHss( ) = exp −βzHz − βssHss( )

low-temperature approximation

 ρs ∝ exp −βzHz − βssHss( )  1− βzHz − βssHss

magnetic energy ≥  heat energy

No more quasi-independent subsystems

HzHss ≠ Hz Hss

TWO	  SPIN	  TEMPERATURES	  

βHZ ≥1



H=HZ+Hss

 
Hz = ω0 Si

z

i
∑ Hss = AijSi

zSj
z +
1
2
Bij Si

+SJ
− + Si

−SJ
+( )⎧

⎨
⎩

⎫
⎬
⎭ij

∑
secular part of spin-spin interactionsHz ,Hss⎡⎣ ⎤⎦ = 0

Low temperatures

Hz ,Hss    are quasi first-integrals uHz + vHss    is also the first-integral!

density matrix

ρs ∝ exp −βH − µSz( )
Tayurskii, D. 1987-1991

SPIN	  TEMPERATURE	  



Low temperatures

Tayurskii, D. 1987-1991

SPIN	  TEMPERATURE	  

12 Will-be-set-by-IN-TECH

which follows from the Equations 22 and 23 the entropy may be written as

S = kB !!Hss" # kB!Sz"(" # #0!) + kB ln Q̃ (39)
One can use the definition of temperature for systems with fixed number of particles and
obtain from Equations 37 and 39

1
kBTs

=

!
$S

$!Hs"

"

!Sz"
=

S
$!Hss"

= ! (40)

This means that the temperature of the reservoir of spin-spin interactions is the real
temperature of spin system (see Figure 4). On the other hand one can write from Equation
37 the expression for the total energy

!

!

!""

!""

!""

Fig. 4. The distribution of the spins over the energy levels of the spin system at low
temperatures. Only the temperature of the reservoir of spin-spin interactions ! is the real
temperature of spin system

!Hs" =
1

kB!
S +

"

!
# 1

!
ln Q̃ (41)

whence a simple relation between multiplier " and the chemical potential follows

µ =

!
$!Hs"
$!Sz"

"

S
=

"

!
(42)

(here we used the definition of the chemical potential for the grand canonical ensemble ). The
state of the Zeeman subsystem is determined by the value of z-component of total spin or by
the multiplier " related to the chemical potential. Comparing the Equations 25, 36 and 42 one
gets a simple relation between the chemical potential of spin system and the parameters % and
!:

µ = #0

!
1 # %

!

"
(43)

!" #$%&'()*+,'-./0102*/3%'/0-+0456-7-8&-6'0,+)09(+:456-7-8&-6'

ρs ∝ exp −βH − µSz( )

Only the temperature of the reservoir of 
spin-spin interactions β is the real 
temperature of spin system

βH ≥1



Low temperatures

Tayurskii, D. 1987-1991

SPIN	  TEMPERATURE	  

Hz Hss

l	  a	  t	  t	  i	  c	  e

T1

T2

βH ≥1

T1 and T2 are sensitive to the details of 
spin-spin interactions, dimensionality 
and spin-bath interaction

 T ∝ exp(βω 0 )



Low temperatures

Tayurskii, D. 1987-1991

SPIN	  TEMPERATURE	  

Hz Hss

l	  a	  t	  t	  i	  c	  e

T1

T2

βH ≥1

nuclear	  
spins

mul;exponen;al	  nuclear	  spin	  relaxa;on



Intermediate conclusion

- concept of temperature is very useful in thermodynamics and 
statistical physics

- one has to be very careful to use the temperature concept, all 
conditions of thermodynamic approach should be satisfied

SPIN	  TEMPERATURE	  



The	  question	  “	  Small	  systems:	  when	  does	  thermodynamics	  apply?”	  was	  raised	  seven	  
decades	  ago	  in	  the	  context	  of	  nuclear	  reactions	  and	  continues	  to	  be	  asked	  to	  this	  day!

 It was clear right from the beginning that as the system size decreases 
one has to deal with fluctuations.

Quantitative	  measurements	  of	  temperature	  Bluctuations	  in	  a	  
physical	  system	  using	  superconducting	  magnetometers	  was	  
reported	  only	  in	  1992

T. C. P. Chui , D. R. Swanson , M. J. Adriaans , J. A. Nissen , and J. A. Lipa , Phys. Rev. Lett. 69, 3005 (1992)

SMALL	  SYSTEMS:	  WHEN	  DOES
THERMODYNAMICS	  APPLY?	  



An	  early	  discussion	  of	  “Thermodynamics	  of	  small	  systems”	  was	  developed	  by	  Hill	  
four	  decades	  ago	  because	  of	  his	  interest	  in	  polymers	  and	  macromolecules	  besides	  his	  
deep	  inquiry	  into	  thermodynamics	  per	  se.

T. L. Hill , Thermodynamics of Small Systems, Parts 1 and 2, (W. A. Benjamin and Co.)(1964)

“The applicability of statistical mechanical ensemble theory to small 
systems as well as large suggests strongly that a parallel 
thermodynamics should exist.”

THERMODYNAMICS	  OF	  SMALL	  SYSTEMS	  



Physics of complex systems

While physics during the past has traditionally avoided the study of 
complex systems as imperfect, unapproachable or even uninteresting, the 
fact is that complexity is becoming a more and more common abode for 
physicists

Complex Systems
✓nonextensive	  behavior
✓nonlinear	  response
✓“unpredictable”	  behavior
✓...

can not be divided into smaller 
subsystems without loosing 
essential properties

PHYSICS	  OF	  SMALL	  SYSTEMS	  



❖Nonextensivity

❖Fluctuations

For	  macroscopic	  systems	  the	  non-‐equilibrium	  trajectories	  that,	  taken	  individually,	  violate	  some	  of	  the	  
inequalities	  of	  thermodynamics,	  are	  known	  to	  be	  irrelevant	  and	  unobservable,	  however	  at	  the	  level	  of	  
the	  small,	  when	  the	  energies	  interested	  are	  of	  order	  of	  several	  times	  kBT,	  these	  rare	  trajectories	  might	  
become	  important.	  

?

SMALL	  SYSTEMS	  



Previous progress in physics

“Reductionism” - The laws governing the whole system can be found from the 
laws governing the parts of a system

It is correct only if: 

- subsystems weak interact 
between themselves
- the principle of additivity works

Statistical thermodynamics
(classical and quantum)

Descartes held that non-human animals 
could be reductively explained as automata 
— De homines 1662.

REDUCTIONISM	  IN	  PHYSICS



Comes from ideal gas theory

Properties of a 
particle

Hypothesis about 
ensemble of particles

Statistical 
Distribution

- point mass
- atom or molecule
- electron
- nucleon

- collisions
- external potential
- permutation rules
- etc

- Maxwell-Boltzmann
- Gibbs
- Bose-Einstein
- Fermi-Dirac

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS



Comes from ideal gas theory

Properties of a 
particle

Hypothesis about 
ensemble of particles

Statistical 
Distribution

- point mass
- atom or molecule
- electron
- nucleon

- elastic collisions
- external potential
- permutation rules
- etc

- Maxwell-Boltzmann
- Gibbs
- Bose-Einstein
- Fermi-Dirac

VERY IMPORTANT - interactions 
between particles are negligible small

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS



Theory of liquid - how it can be derived from the ideal gas theory?

For example, Van der Waals equation

Ideal gas - the 
equation of state

Real potential 
between molecules

PVm
RT

= 1

The virial equation of state

PVm
RT

= 1+ B
Vm

+
C
Vm
2 +

D
Vm
3 + ...

p + a
Vm
2

⎛
⎝⎜

⎞
⎠⎟
V −Vm( ) = RT

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS:
AN	  EXAMPLE



Theory of liquid cannot be derived from the ideal gas theory!
Interactions are too strong to be take into account by perturbation theory

Gas of defects 
(vacations) in solids 

high mobility,
weak interaction

Yakov Frenkel (1894-1952)
Kazan University, 1943
"Kinetic theory of liquids"

Liquid state theory

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS:
AN	  EXAMPLE



Electrons in Solids

Free gas of electrons 
(Bloch electrons) 

periodic potential
of lattice

Band theory of solids

electron-electron
correlation

+
Band theory of solids Narrow band?

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS:
ANOTHER	  EXAMPLE



Electrons in Solids - The history is repeated !

Localized Electrons
strongly interacting
at the lattice site 

hopping between atoms

Hubbard model
(1960s)

John Hubbard (1931-1980)

LOGICS	  OF	  STATISTICAL	  THERMODYNAMICS:
ANOTHER	  EXAMPLE



To find the Ground State of a system under investigation and after 
that to introduce some excitations which are statistically 
independent or are weakly interacting

Examples:  - all elementary excitations in solids (phonos, excitons, magnons, 
polarons, spin-density waves, charge-density waves etc.)
- phonons and rotons in liquid 4He 
- Landau theory of Fermi-liquid
- ....

Fails of this paradigm:  - strongly correlated electron systems (high-Tc superconductors, 
heavy-fermion systems ...)
- systems with long-range interactions (gravitational and Coulomb)
- low-dimensional systems
- all nanophysics
- quantum liquids at nanoscale
- nuclear matter
- ....

PARADIGM	  OF	  STATISTICAL	  
THERMODYNAMICS	  IN	  20th	  CENTURY



Ansatz of Statistical Thermodynamics

To consider more real systems than ideal ones:  

H=H0+Hint

H0 corresponds to “ideal” gas
Bose-Einstein
Fermi-Dirac
Maxwell
etc..

corresponding statistical 
distribution

+
perturbation theory

Physical properties of
a real system 

ANSATZ	  OF	  STATISTICAL	  THERMODYNAMICS



Statistical thermodynamics is usually intended as the study of N-body systems at equilibrium. However 
only a few textbooks state clearly that the validity of equilibrium ensembles as models of 
thermodynamics is not automatically granted, but depends crucially on the nature of the Hamiltonian of 
the N-body system.

The Boltzmann–Gibbs canonical ensemble is valid only for sufficiently  short-range interactions and 
does not necessarily apply for example to gravitational or unscreened Coulomb fields  for which the 
usually assumed entropy additivity postulate is not valid.

STATISTICAL	  THERMODYNAMICS:
ABOUT	  WHAT	  TEXTBOOKS	  KEEP	  THE	  SILCENCE



- self-gravitating systems
- unscreened Coulomb interaction - 2D electrons on liquid helium !!! 

H = H0i + Uij
i, j
∑

i
∑

Energy is not additive! 
System can not be trivially 
divided into two-independent 
subsystems

It is important that the conditions of 
thermodynamic limit are violated here

V ,N
n

nV ,nN
 ENERGY  n ⋅ energy

STATISTICAL	  THERMODYNAMICS:
LONG-‐RANGE	  INTERACTIONS



H = H0i + Uij
i, j
∑

i
∑

if       is short-range and a rather small than the 

conception of the mean-field can be introduced 
Uij

H = H0i + Uij j
i
∑

i
∑

and system becomes extensive

The conditions of thermodynamic limit are satisfied

V ,N
n

nV ,nN
 ENERGY  n ⋅ energy

STATISTICAL	  THERMODYNAMICS:
LONG-‐RANGE	  INTERACTIONS



In nanoscale systems the contribution from surface is comparable with that from volume 
and very important

Non-additive property must be incorporated to the theory 

V ,N
n

nV ,nN E(nV ,nN ) = nE(V ,N )

Fsurf (nV ,nN ) = n
2
3Fsurf (V ,N )

But surface energy is not additive

NANOSCALE	  PHYSICS:
VIOLATIONS	  OF	  THERMODYNAMIC	  LIMIT



The equilibrium thermodynamic behavior of a macroscopic system is described by an extensive state 
function entropy, S, which for a one-component system is a function of the extensive variables, the 
internal energy, U, volume, V, and the number of particles, N.

The	  extensive	  property	  of	  U(S,V,N)	  as	  a	  homogeneous	  function	  of	  degree	  one	  of	  the	  three	  variables	  S,	  V,	  N	  implies	  that	  
we	  have	  an	  explicit	  representation

U(S,V ,N )

µ =
∂U
∂N

⎛
⎝⎜

⎞
⎠⎟ S ,V

T =
∂U
∂S

⎛
⎝⎜

⎞
⎠⎟V ,N

P = −
∂U
∂V

⎛
⎝⎜

⎞
⎠⎟ S ,N

U(S,V ,N ) = TS − PV + µN

The	  Birst	  law	  of	  thermodynamics

δQ = TdS = dU + PdV − µdN

−SdT +VdP − Ndµ = 0 Gibbs – Duhem relation

The	  variables	  μ,T,	  P	  are	  not	  independent

THERMODYNAMICS	  OF	  MACROSCOPIC	  
SYSTEMS



•The	  Birst	   law	  of	   thermodynamics	  is	  context	  independent,	  which	  is	  just	  another	   facet	  of	   the	  principle	  of	  conservation	  of	  
energy,	  based	   solely	   on	   physical	   considerations	  of	   heat	  and	  work	   involved	   in	  any	   quasi-‐static	   process.	  This	   is	  directly	  
related	  to	  three	   independent	  variables	  U,	  V,	  N	  for	   a	  one-‐component	  nano-‐system	  in	  contrast	   to	  two	   in	  the	  macroscopic	  
system,	  because	  we	  no	  longer	  have	  the	  extensive	  property

“ subdivision energy”

•The	  nanosystem	  is	  sensitive	  to	  environment.	  For	  example,	  the	  nanosystem	  of	  N	  items	  in	  a	  volume	  V	  immersed	  in	  a	  heat	  
bath	  at	  temperature	  T	  is	  different	  from	  the	  same	  system	  in	  contact	  with	  a	  reservoir	  with	  chemical	  potential	  μ	  chosen	  
such	  that	   the	  mean	  number	   	   	   	   	   	  is	   the	  same	  numerical	  value	  as	  N.	  In	  the	  nanosystem,	  the	  Bluctuations	  are	   important	  
unlike	  in	  the	  macrosystems.

W =U − TS + PV − µN

dW = −SdT − Ndµ +VdP Gibbs – Duhem relation for 
nanosystem

N

NANOTHERMODYNAMICS



Consider	  the	  ensemble	  of	  nanosystems	  ,	  whose	  mean	  total	  internal	  energy	  is

Un =
1
n

ui
i=1

n

∑

Since	  these	  nanosystems	  are	  coupled	  to	  the	  reservoir,	  each	  of	  the	  ui	  ’s	  are	  random	  variables,	  implying	  that	  Un	  is	  also	  a	  
random	  variable.	  It	  is	  assumed	  that	  every	  one	  of	  the	  nanosystems	  is	  coupled	  to	  the	  same	  reservoir,	  the	  joint	  
probability	  distribution	  is	  the	  Gibbsian,

Pn =
exp(−β0nUn )

Zn (β0 )

Pn = p(u1)p(u2 )...p(un ) =
e−β0u1

Z(β0 )
e−β0u2

Z(β0 )
... e

−β0un

Z(β0 )

NANOTHERMODYNAMICS:	  AN	  EXAMPLE



Consider	  possible	  Bluctuations	  in	  temperature	  in	  determining	  the	  joint	  probability.	  It	  is	  here	  the	  mathematical	  theory	  of	  
large	  deviations	  approach	  comes	  in	  handy	  in	  deducing	  the	  joint	  probability.	  More	  physically,	  the	  result	  may	  be	  expressed	  
as	  merely	  taking	  an	  integral	  over	  all	  possible	  Bluctuating	  inverse	  temperatures	  that	  are	  χ2	  -‐distributed

dβe−βu f (β) = 1

1+ (q −1)β0u[ ]
1
q−10

∞

∫

f (β) = 1

Γ n
2

⎛
⎝⎜

⎞
⎠⎟

n
2β0

⎧
⎨
⎩

⎫
⎬
⎭

n
2
β
n
2
−1
exp −

nβ
2β0

⎡

⎣
⎢

⎤

⎦
⎥ f (β) = 1

Γ 1
q −1

⎛
⎝⎜

⎞
⎠⎟

1
(q −1)β0

⎧
⎨
⎩

⎫
⎬
⎭

1
q−1

β
1
q−1

−1
exp −

β
(q −1)β0

⎡

⎣
⎢

⎤

⎦
⎥

n = 2
q −1

new “Gibbs” distribution 
for nanosystem!!!

β0 = dβ ⋅ β
0

∞

∫ ⋅ f (β) q −1 = β0
−2 dβ β − β0( )2

0

∞

∫ f (β)

NANOTHERMODYNAMICS



Formally based on the non-extensive statistics (C. Tsallis, 1988)

Sq ρ[ ] = 1
1− q

Trρq −1( )

lim
q→1

Sq ρ[ ] = S ρ[ ],      S ρ[ ] = −Tr(ρ lnρ)

In classical case we have 

Sq =
1− pi

q

i
∑
q −1

q→ 1 S = − pi ln pi
i
∑

Gibbs-Shannon entropy 

NON-‐EXTENSIVE	  THERMODYNAMICS



The novelty of Tsallis’s entropy is that it does not satisfy additivity

S(A + B) = S(A) + S(B) + 1− q( )S(A)S(B)

nq =
1

1+ (q −1) ε − µ
kT

⎡
⎣⎢

⎤
⎦⎥

1
q−1

nq =
1

1+ (q −1) ε − µ
kT

⎡
⎣⎢

⎤
⎦⎥

1
q−1

−1

nq =
1

1+ (q −1) ε − µ
kT

⎡
⎣⎢

⎤
⎦⎥

1
q−1

+1

Gibbs

Bose-Einstein

Fermi-Dirac

NON-‐EXTENSIVE	  THERMODYNAMICS



Very roughly:  

H=H0+Hint

H0 corresponds to “ideal” gas

corresponding statistical 
distribution

+
perturbation theory
how many orders?

Physical properties of
a real system 

Ansatz of statistical thermodynamics  

H=H0+Hint

H0 corresponds to the Hamiltonian
with calculable spectrum

non-extensive distribution
interactions are

included in non-extensivity
parameter q

Physical properties of
a real system 

Ansatz of non-extensive thermodynamics  

NON-‐EXTENSIVE	  THERMODYNAMICS:
HOW	  DOES	  IT	  WORK?



D.A. Tayurskii et al. J. Low Temp. Phys., 150, 605 (2008)

87Rb, 7Li, 23Na atoms trapped in a 3D harmonic potential 

V (X,Y ,Z ) = 1
2
K(X 2 +Y 2 + Z 2 )

nq =
1

1+ (q −1) ε − µ
kT

⎡
⎣⎢

⎤
⎦⎥

1
q−1

−1

EXAMPLE:	  BOSE=EINSTEIN	  CONDENSATION
IN	  THE	  TRAPPED	  GASES



The relative number of particles in 
condensate with respect to the 
reduced temperature at different q

- To satisfy the experimentally observed values of 
critical temperatures and the number of atoms in the 
condensate one should take the following values of 
parameter q

               87Rb – q=0.1, 7Li - q=0.95, 23Na - q=0.62  

  - The three observed transition temperatures are all 
higher than the theoretically predicted values. So it turns 
out that the empirical values of q are all smaller than 
unity, which means there are attractive interatomic 
interactions in the three condensates. These attractions 
make the particles easier to be condensed at higher 
temperatures than those predicted by BES. 

 - It is possible to give a clear physical content to the 
parameter q of NSM which can be used to represent 
neglected interactions in the treatment of perfect gas 
like model of NSM. 

D.A. Tayurskii et al. J. Low Temp. Phys., 150, 605 (2008)

EXAMPLE:	  BOSE=EINSTEIN	  CONDENSATION
IN	  THE	  TRAPPED	  GASES



- limits of macroscopic thermodynamic to describe nanoscale systems and 
strong-correlated systems
- rational way of thinking on which all physics of 20th century was based 
inhibits the progress in understanding of new phenomena in 21th century, 
some irrationality is necessary as it was done by Einstein in the beginning 
of 20th century in relativity theory; probably non-extensitivity play a key 
role on this way
- non-extensive thermodynamics allows to describe the behavior of 
nanoscale systems
- electron and nuclear spin kinetics at nano- and mesoscale needs to be 
carefully theoretically studied 

CONCLUSIONS


