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QUANTUM EFFECTS
common phenomenon at the atomic scale

« Ammonium molecule * Protons 1 hydrogen bonds

but hard to conciliate with our macroscopic intuition
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Possible technological applications: quantum computing




MAGNETIC spin down spin up

NANOPARTICLES Y /
Neel (’49) = Superparamagnetism I |
classical relaxation: *\

M(t) = M(0) exp(-t/7) é

Single-domain magnetic particles, interacting particles,

anisotropy, surface properties, reduced size: coercitivity
—> applications



A
Single-molecule magnets V

D. Gatteschi et al., Science 265, 1054 (1994)
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Quantum world

 Large intramolecular exchange interactions = Net spin S

* Intermediate situation between paramagnetic atoms and magnetic nanoparticles




Giant spin model: anisotropy and quantum tunnelling
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The Hamiltonian of a quantum particle in an external

potential V(x) in 1D _ __n d_22 £V (%)
V() 2m dx
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One-dimensional infinite potential well
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The wave-function of the quantum particles is a standing

wave, and the energy levels are quantized:
222
nlr

2ml?

2 . 1 TTX
—sin| — |; £

Y =
L L

n

=123



CTaTHCTHKA YJHEPreTHYeCKUX YPOBHEH TSKeJIbIX Aep
Burnep, laiicon, Mera, I'oauna (Gaudin) (1960-65)
1 W30 JUPOBHHBIX METAJUIMYECKHUX I'PaHYJI
(I'opbkoB, Jdauamodepr (1965))

*AHCAMOJIb CJIY4alHBbIX FTAMIJIBTOHOBBIX MATPHUIL: THIIOTE3a O
reoMeTpM4ecKHuX Koppeasinusx, reopema Iloprepa

e[lepexoanbl Mexay aHCAMOJIAMM PA3HOUM CUMMETPUM B MATHUTHOM I10J1€

*«bpoyHOBCKOE IBUKEHUE» IHEPTeTUUYECKUX YPOBHEMN

*YHUBEPCAJIBbHOCTH KOPPEJANMHA B aHCAMOJIAX CJAyYalHbIX MATPUIL U
YHUBEPCAJIBHOCTDh (PIYKTYalUHd MPOBOAMMOCTH B HEYNIOPAA0YCHHbIX

npoBogHUKaX (AabtiryJep, HIkmosckuii, Umpu (1986r))

*KBanTOBBIC TOUKHU (AJbTHIYJIEP, JIU, Be00, beiitnakkep, BaH XyTeH
(1991))



BurHep n lancoH nccnepgoBanu aHcambrib U3 CriyYaHbIX 3PMUTOBbIX

matpuy 14 pasmeproctn /N X N pacnpepneneHHbix no 3aKkoHy:
P(H)=cexp|-BTrV (H)]

roe ¢ — HOpMUpPOBOYHaA KOHcTaHTa. Ecnn V([—]) — [—[2 ,

TO aHCaMbOJsib Ha3bIBaeTCH 2aycco8bIM.

Cnedcmeue 1: Tr{Hz} —TrHH' = ZIHU |2
-

TO €CTb MaTpUYHbIe 3nemMmeHTbl [ . pacnpeaeneHbl He3aBUCUMO !
Cnedcmeue 2: B npepene N —» o0  pacnpepaeneHue ypoeHen aHeprum £,

He 3aBUCUT OT BuAa (pyHKUMMU V( H )-3To Ha3blBaeTca YHU8epcasibHOCMbIO
cnnekmparsibHbIX Koppensuuu (cobnrogaeTca Baanu ot rpaHuL cnekTpa

E . E

matpuubl  H : HZ = EZ.Z U HaxoasaTcs u3 ypaBHeHus det {H — El} =0

min ?

. ) - YpoBHM aHeprum Ei - 3TO COGCTBEHHbIE 3HA4YEeHMUS



BaXHbIX BONPOC: 803MOXHO Jiu omdesiumb pacnpegeneHne N ypoBHen aHeprum
E. ot pacnpepeneHus octanbHbIX (NxN — N) cny4anHbix Benu4mH,

XapaKTepusyrLwmux MaTpuYHble 3NeMeHTbl raMUIILTOHOBON MaTpuubl H
pa3mepHocTu NxN ?

OTtBeT (Teopema lMNMopTepa. 1960): BoamoxHo!
HayHem 06bsiICHEHMe No3aTanHo:
1.

CyuwecTByeT yHUTapHoe npeodbpasoBaHue ¢ matpuuen U= (A A,...A ) u3 N

COOCTBEHHbIX BEKTOPOB MaTpuubl H : HA =E A _, pmaroHanusyioiee
rammusibTOHOBY MaTpuuy cuctembl H:

(F, O] 0
O E, O, 0
0 0 E, O.......... 0 e
H=U : U™ =UHU
O, 0
oo 0
(O, 0 E,

2. NNpexoa K HoBOMY Ga3uncy He BNuaeT Ha PYyHKUMIO pacnpeaenHus, ogHako,
yKa3blBaeT, YTO BEPOATHOCTb Clly4anHOU Matpuubl H 3aBUCUT NULLb OT ee
cnekTpa, a ocmarsbHbie (NxXN — N) criyqyaliHbix eentuduH pacripederieHbl 0OHOPOOHO:

P(H)=cexp{-pTrV (H)}=P(H)= Cexp{— B>V (E, )}
n



CnepoBaTenbHO, ANS nepexona K pacnpeneneHnto no 3HepreTU4ecknmM ypPoBHAM
OT pacnpeaeneHnst No MaTpu4HbIM aniemeHTam Heobxoamm sskobraH nepexoaa J,

KOTOPbIN CBA3bIBAET 0OBLEMbI B MPOCTPAHCTBE MATPUYHLIX 3JIEMEHTOB dHiJ. C
obbemamun B NpOCTpaHCTBE COOCTBEHHbLIX BEKTOPOB dU_, BnepBble HanaeHHbIN
[TopTepom (Teopema lNopTepa, 1960):

MdH, =J[|dU,[E: J=[]IE-E, T

i<j

U, C1e008amenbHO, pacnpeoeieHue No SHePeUAM UMmeem 6Uo

PUEN)=c[ 11 £~ E, P] [exp[-BV(E)] = cexp| -B| Dou(E, -E,)+ D V(E,)

i<j k i<j k

BugHo, 4TO pacnpeneneHne no ypoBHAM 3SHEPTNU MOXHO MHTEPNPETUPOBATL

Kak pacnpegenenune Mbbca, rae napameTp 3 urpaet pojib 00paTHOM

TEMIIEPATYPbI ~1/KBT, a u(El.-E ]) — IOTEHIMAJ B3AaUMOJACUCTBUS YACTHUID) C
«koopunaramm» Ej, Ej, HakoHel V(E, )- «<noTeHUMan» [4enCTBYIOLWMN Ha Kaxayto
«4acTtuuy». [Npun atom, n3s teopemsbl lNoptepa cnenyet uto u(Ei-Ej)=log|Ei-Ej| , T.e.
UMeET BUA KYJIOHOBCKO20 ommasikueaHusi mexay N «3apsXXeHHbIMU CTEPXKHAMU»
Ha NMHUK BOOMb OCK E, pacnonoXeHHbIX B TOYKax ¢ koopanHatamu Ei, Ej. Takme
Koppensaumn mexay crnydyanHblMu YPoBHAMK 3aHeprun Ei Ha3biBaroTCH
2eomMempuyecKkumu.



The Wigner’s Ansatz for the Gaussian ensemble of
random NxN Hermitian matrices H :

P(H) = cexp|-BTrH?]

In the limit N — oo the spectral correlations become
universal with f the symmetry index

B counts number of degrees of freedom of the Hamiltonian matrix
element, the possible values are: 1, 2 and 4.
So far, gaussian P(H) gives distribution of the matrix elements
as the independent random variables. The transition from P(H) to
eigenvalues distribution P(E ) is due to Porter (1960):

1  H =Udiag(E,,E,,...E,, JU* eigenvectors U
Step 2 duw(H) = Jdun(U) I I dFE, matrix space “volume”



Step 3 J({En }) — H‘Ez — E‘]_‘B the Porter’s theorem

i<j

Stepa TrH®> =D E;

Step 5 P(H)dw(H) = ceXp[—BZEj]H

<J

E~E[| [TdEauw)

Equivalent form for the distribution function:

p(H)Ydu(H) = P{E, P T 4E,duU)

where levels distribution function is:

A

i<j
Conclusion: Wigner-Dyson’s Gaussian ensemble has
only geometrical spectral correlations due to J({E})




Mapping onto a system of repelling charges in a parabolic
potential well at the “temperature” 1/p

P({E,})=cexp| - ( > Ln|E,~E, |+ZE2j

l<]
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E.F, Wigner (S 1, s¢-58),
nWt',owr'S Swurmese Pw (4) = a.{zfr‘f:)
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The problem: how the GOE to GUE crossover looks like
when an external magnetic field is switched on ?

1.Does the symmetry index f# change abruptly from ﬂ | @GOE to
B =2 @GUE?

2.How the change of the index p is reflected in the thermodynamic
properties of the nanoclusters?

3.What are predictions for temperature/field dependences change of the
specific heat and magnetic susceptibility?



Pandey and Mehta (1983,1991) Hamiltonian for GOE to GUE
transition in external magnetic field

A real NxN antisymmetric matrix A is independently
distributed from real symmetric matrix H, Both matrices
are distributed with the same Gaussian dlstrlbutlon SO
that the distribution of the complete Hamiltonian H is :

)
(ReH, (imH,
PH)ecexp _Z 4v2(1+;2)_1 +4v2(1+a;)_1(x2

1/

2

The variance V  determines the mean level spacingd: O = %
N

The distribution P(H) interpolates between GOE for a=0
and GUE for a=1



[1ByxXypoBHeBasi KoppensumoHHasa (pyHKUUA BO
BHELWHEeM MarHUTHOM norse: aHarIMTu4YecKkoe peLieHue
Pandey&Mehta (1991)
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Fram&Pichard (1995); Bohigas et al. (1995)
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FIG. 2. Illustration of the magnetic-field dependence of
energy levels in a chaotic system (magnetic field B and energy
E in arbitrary units). This plot is based on a calculation of
the spectrum of the hydrogen atom in a strong magnetic field
by Goldberg et al. (1991). Beenakker, Rev.Mod.Phys. (1997)
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OrpaHn4yeHusa Teopuu cnydamHbix maTpuy BurHepa-aucoHa
! — M D
E—E'|<E, _m( LZ)

rae E_—sHeprusa Tayneca, obpaTHO nponopunoHanbHas
BpemMeHu andpdy3nm anekTpoHa Yyepes yactuuy pasmepa L,

roe D- koadchbuumeHT andpysnm aneKTpoHa

[NoaoTBepXxXpeHue pacnpeneriHusa CnyvYyamHbiX 3HEPreTUYecKmnx
ypoBHeu no BurHepy -[laucoHy MMKPOCKONMNYECKOU TEOPUEMN :
Efetov (1982,83); Altshuler& Shklovskii (1986);
Jalabert,Pichard, Beenakker (1993)



