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Bistable self-organization of nuclear spins in conducting solids

Didier Gerbault and Didier Gouri&r
Ecole Nationale Supiure de Chimie de Paris, Laboratoire de Chimie Appligwie I'Etat Solide, 11 rue Pierre et Marie Curie,
75231 Paris CEDEX 05, France
(Received 27 March 1996

Under suitable conditions the dynamic nuclear polarization by the Overhauser effect in conductors is re-
sponsible for a bistable hysteresis of the electron spin resori&&E line of conduction electrori$hys. Rev.
B 47, 15023(1993]. We study in this work the dynamics of the phenomenon in terms of the bistable
self-organization of nuclear spins and the microwave field. The deterministic evolution of the nuclear field is
described as an overdamped motion in a potetfialt is shown that the shape of the ESR line, in both
monostable and bistable regimes, is proportional to the second derivative of this potential. By taking into
account the fluctuations of the nuclear field, a Sdiwger equation for the self-organized spin-field system is
derived. For the monostable Overhauser effect, this equation is that of the quantum mechanical harmonic
oscillator. The self-organized spin-field system can thus be compared with a “vibrating molecule” in the
nuclear field space, in which the steady state nuclear field corresponds to the equilibrium “interatomic dis-
tance.” With this analogy, the bistable spin-field system may also be compared to a “mixed valence molecular
complex,” in which the two stable configurations of the “complex” correspond to the two stable steady states
of the nuclear field[S0163-182806)04433-5

[. INTRODUCTION values of the external parametéos control parameteyB,,
B, and the temperatufe. This effect has been suggested by
An ensemble of noninteracting free electrons in the conKaplarf and qualitatively observed by Gueron and Ryter in
duction band of a metal or a semiconductor submitted to anetallic lithium particles at 4 R. A strong bistability has
static magnetic fieldB, provides a very simple case of a been recently observed at high temperature and analyzed in
two-level quantum system. The transition between the twdletail by Aubay and Gourier i-Gg0;.”° The latter com-
electron spin states upon interaction with an electromagnetipound is am-type semiconductor when slightly oxygen de-
field B, of frequencyw in the microwave range, called con- ficient, the oxygen vacancies acting as shallow donors. Bi-
duction electron spin resonant@ESR), is characterized by Stability originates from a feedback loop connecting the
a sing|e resonance line with a Symmetrica] Lorentziansaturation of the CESR line and the nuclear field created by
shape' When the solid contains chemical elements with non-Saturation. It occurs when the dynamical shift of the CESR
zero nuclear spink, the polarizatior(1,) of the nuclei in the line is larger than the natural width of this line. This highly
static field is nonzero according to the Boltzmann law, soonlinear effect is responsible for a bending of the CESR
that the effective magnetic field seen by the electron spins i4n€, which takes a “shark fin” shap@ull line in Fig. 1). It
the sum of the external fiel, and the nuclear fiel, Can be seen that there is a finite field rargjg<B,<B)
resulting from the nuclear polarization. Thus the thermal

nuclear polarization induces a shift of the electron spin I~

states. The thermal equilibrium value Bf is generally very Z 3L By By Joa
small, at least at high temperatures. However it can be con- 5 :'"., i
siderably enhanced by saturation of the CESR. This effect <) § i N dos
has been predicted in metals by Overhatiserd analyzed @ § 2F |4 T=300K '
theoretically by Solomon.It has also been experimentally 3 % T=150 K P 5 1
observed in metals, semiconductors, and organic l‘; 2 |« ; '\' 102
conductors. The Overhauser effect manifests itself by a shift é’ g g Y

and a distortion of the CESR line which can be directly z 3 0.1
observed by ESR iB,, is sufficiently high, and requires elec- 5 i \

tron nuclear double resonanENDOR) spectroscopy iB ol i i 0
is of the order of a few mG, such as in organic conductors. 432 4 th b 2 3

This Overhauser effect is monostable, which means that it
exhibits only one stable state for the nuclear fiBlg. The
consequence is that the CESR exhibits no hysteresis and the fig, 1. calculated nuclear field and CESR absorption for
signals recorded by increasing or decreag8pg@re identical. B-Ga,05 at 150 K(full line) and 300 K(discontinuous lingvs the
This is the general situation encountered so(éscontinu-  external magnetic field. The material parameters are
ous line in Fig. 1. However, under certain circumstances, T,~T,~2x10 ' s, T,~0.5 s, (ABg,)max=5 G (at 150 K) and
the Overhauser effect becomes bistable, which means th@iB,,)..,=2 G (at 300 K. The control parameters aBy=0.4 G
two stable states of the nuclear field may coexist for the sam@t 150 K andB;=0.14 G(at 300 K).
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where the CESR intensity takes three vallgsl g, andl,.  the definition in Sec. IV of the characteristic times control-
Only I, andl, can be observed experimentally by sweepingling the dynamics of the phenomenon, the deterministic as-
up and down the magnetic field. The branetis recorded pect of the dynamics is described in Sec. V with the intro-
upon a positive variation d8,, and undergoes a transition to duction of the dynamic potential characterizing the
the v state at the critical fiel@). Upon negative variation of Overhauser effect. In particular it is shown that the CESR
BO’ the System Occupies first thg state and undergoes a IntenSIty (the first derivative of the absorptlon ||)"|35 di-
transition y—a at a critical fieldB §<B{. Thus the bistable rectly related to the second derivative of this potential. The
Overhauser effect manifests itself by a hysteresis of th&ffect of fluctuations of the nuclear polarization is introduced
CESR line, which will be hereafter referred to as bistablel S€C- VI, by setting the Fokker-Planck equatiiPB) of
conduction electron spin resonan@CESR. This effect is the fluctuating nuclear field. Its resolution gives the station-
easily produced in3-Ga05 under moderate external field ary d'.St”(;)u“O.n f(')flin. Int Sec_. \{” th? FP% (_)ftthe SSG(I:L
(Bp=~3400 G and moderate saturation conditions at temperap.rganlze spin-neid systém IS transtormed into a ro
ture as high as room temperatdPeThe reason is that this d!nger equation Wh'ch is analyzed for both monostable and
solid possesses optimal electronic and chemical structur(gst""b.Ie situations. Fmglly, th? apalogy of the monpstabl_e
which ensure a narrow CESR line, together with an efficienf’md bistable self-organized spin-field systems with diatomic
dynamical shift of the resonan&ééESR of gallium oxide and mixed-valence molecular architectures is developed in

thus offers an ideal tool for a detailed investigation of thesec' Vil

bistable Overhauser effect. It should be noticed that this ef-

fect is a general property of electronic conductors containing Il EXPERIMENTAL SECTION
nuclear spins. However most solids which exhibit or are li-
able to exhibit this effect require very low temperatures an

: : )
sometimes a high external fief. a sample prepared according to the usual procetfukéery
From the point of view of synergetics,the Overhauser iy ‘piatelets(thickness<0.1 mm were used in order to

effect may be described as the self-organization of a system, 4 skin depth distortion of the CESR lihélhe concen-

composed of nuclear spins, electron spins, and the MiClG;ation of unpaired conduction electron spiig~10 cm3
wave fieldB,. However in a semiconductor such as gallium < qetermined by comparison with a standard diphenylpic-

oxide, the concentration of unpaired electron sffits-10 rylhydrazyl (DPPH sample® The CESR spectra were re-

cm 3) is much smaller than the concentration of nucleardorded at theX band on a Bruker 220 D spectrometer
spins(=~10?2 cm™3), so that unpaired electrons may be con-

! . . - i equipped with a variable temperature device. The crystals
sidered as impurities. Restricting the phenomenon 1o itS Mdzare oriented in the ESR cavity with the crystallographic

jor components, it may be considered as a self-organizatiofyis 1) parallel toB,. With this orientation, the unsaturated
of the nuclear spins and the fieR},. This highly organized CESR line is characterized hy=1.9635), and a linewidth

spin-field system shows instabilities with a first-order transi-ng—0 4 G in the range 300—150 K which increases below

tion having its usual bistability and hysteresis. _ 150 K. Most of the CESR spectra were recorded at 150 K
The aim of the present work is to propose a description Ofith 5 microwave field amplitud®,~0.4 G, which corre-

the bistable Overhauser effect by focusing on the determ|n§ponds to the optimal conditions for observing BCESR.

istic as well as the stochastic aspects of the dynamics of thene pertinent parameters of gallium oxide at this temperature
nuclear field. Recently Gouriest al.™* showed that the dif- ;.0 the electronic relaxation timag~T,~2x10 ' s, and

ferential equation governing the dynamics of the nuclear POTA Bo,)ma=5 G. The latter parameter represents the highest

larization is similar to that of an overdamped motion in @, ciear field attainable at this temperature. Monostable
potential. In this work we introduce the fluctuation effects of ~pgr spectra were recorded at room temperature

the nuclear field which are unavoidable because of the relaleszwZXm” s, and(AB, ~2 G] at a microwave
' v/max

tively small size of the electron-spin—nuclear-spin systemseq|q \ajueB,~0.14 G, just below the bistability threshdid.
and derive a Hamiltonian for the self-organized spin-field Magnetic switch experiments, whef&, can be rapidly

system which bears many similarities with the vibrational ;panged in less than a microsecond, were performed accord-
Hamiltonian of simple molecular systems. In particular Weing to the procedure described in Ref. 14.

show that the monostable Overhauser effect is described by
the same quantum-mechanical harmonic oscillator as that of
a vibrating diatomic molecule, where the nuclear fi@g
substitutes the configuration coordindtee interatomic dis-
tance. Within this framework, the bistable Overhauser effect A conduction-electron spi% delocalized in the conduc-
is equivalent to a mixed-valence molecular architecturetion band of a conducting solid, submitted to a static mag-
which has been recently proposed by Guihetyal. for bit  netic field B, and a microwave field, of frequencyw, is
storage application$. characterized by the resonance condition=g3B,, where
Due to the optimal conditions offered B:Ga;O; for the g and B are, respectively, the electragnfactor and the elec-
study of both monostable and bistable Overhauser effects byon Bohr magneton. If the solid contains a chemical element
ESR spectroscopy at high temperatures, we used this conyith nonzero nuclear spih, the thermal equilibrium nuclear
pound as a model in this work. This paper is arranged apolarization creates a nuclear fiddg which adds itself to the
follows. A brief description of the experimental conditions is external fieldB,. The resonance condition becomes
first given in Sec. I, and the basic principles of monostable
and bistable Overhauser effect are recalled in Sec. Ill. After hv=gB(By+B,). (1)

All the CESR spectra were recorded on single crystals of
doxygen—deficient,B—G19203. The crystal was grown and the

lll. PRINCIPLES OF MONOSTABLE
AND BISTABLE OVERHAUSER EFFECT
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The thermal equilibrium value dB,, is very small near
room temperaturéor example B,~4x103 G at 150 K for a)
B-Ga0;in a fieldBy~3400 G, so that it can be neglected in EXP.
expression(1). However the nuclear field can be consider-
ably enhanced by dynamic nuclear polarizati@verhauser
effect induced by saturation of the resonance fn€his
enhanced nuclear field modifies the resonance condifipn
since the latter is now fulfilled at a lower value Bf. The
saturation and the nuclear field are connected by a feedback —L I L L L I
loop since the dynamical shift of the resonance modifies the 3433 3435 B(Gauss)
saturation condition, which modifies in turn the resulting °
nuclear field, and so on. A nonlinear effect of the magnetic b)

resonance—the saturation of the CESR line—is thus com- EXP.
bined with the feedback produced by the dynamic polariza-
tion of nuclear spins, which makes the nuclear field a func-

tion of itself, B,=f(B,).° The detailed expression of this
self-consistent equation is derived by the combination of the
Bloch equation for the resonart€and from the Overhauser
equation for the nuclear fiefd:

CALC.

2T, T,B2 3432 3434 B(Gauss)

B,=(AB .
n=( 0V)”WH ¥?T5(By+Bo—hv/gB)%+ y?T,T,B?

FIG. 2. Experimental and calculated CESR spectrg3f@a,03
at 300 K(a) and 150 K(b). Sweeping time: 100 s. The parameters

. . . . are the same as in Fig. 1.
T, and T, are, respectively, the spin-spin and the spin- g

lattice relaxation times of conduction electrons. The param

eter(ABy,)max COrresponds to the largest accessible value oF
B,, which is achieved for complete saturation
(szszB %;>)1) ?Ecé at the resonance cbondittri10n %ivlfzn k_)y ex- | | B,(Bo+B,—hv/gp)
pression (1). Y is given by the following = — ,
expressior? Ov/max ESR 011+ 92T4(By+B,— hv/gB)?+ y°T,T,B3]?

auser effect, the CESR intensityionostable and bistable
s given by the following expressioff:

(4)
AB _(I+1)NABy 3 B, being a solution of Eq(2). The constant, depends on
(ABoy)max= 3kT ' 3 both the spectrometer and the sample. Expres<iballows

very accurate simulations of bistable and monostable CESR
whereN is the number of nuclear spirsinteracting with  lines? Figure 2 shows an example of experimental and cal-
each electron and\ is the hyperfine interaction for each culated BCESR lines recorded at thé band in both
nucleus. The leakage factér(with 0<f<1) reflects the ef- monostable and bistable regimes for a single crystal of
ficiency of the dynamic nuclear polarization mechanfsm.  5-Ga,0,. It is important to note that bistability distorts the

Expression(2) is a third degree equation which exhibits CESR line in such a way that the first derivative of the ab-

either one, two, or three solutions f8f,, depending on pa- sorption corresponding to the-state(forward sweep oB)
rameters(ABg,)max, T1 @and T, which are determined by the and to they state(backward sweep d,) occurs only on one
chemical and the electronic structures of the compaiind  side of the baseline. The unstalfestate occupies the other

T,, 1, andNAT) and by the control parametéB,, By, and  side, but it cannot be observed under magnetic field sweep-
T). When T, and (ABg,)max @re too small to allow three ing conditions.

solutions for Eq.(2), the Overhauser effect is monostable,
and the CESR absorption is a more or less distorted Lorent-
zian line shifted to low magnetic field by the nuclear filg
(Overhauser shift An example is shown in Fig. &iscon- Since the primary objective of this paper is the investiga-
tinuous ling for B-Ga,05 at room temperature. For this com- tion of the dynamics of the bistable Overhauser effect, it is
pound betwee 4 K and room temperature, and for severalfirst necessary to identify the different characteristic times
electronic conductors at liquid-helium temperattfrd@, and  which influence or control the phenomengfig. 3.

(ABg,)max are sufficiently large to allow three solutions for  The first time constant to be considered is the correlation
B,. In that case the curvB,=f(B,) takes a “shark fin” time 7, of the mobile electron at the nuclear site of the con-
shape, as shown in Fig. 1 f#Ga,0; at 150 K. It should be ductor. It is generally of the order of.~10 1 s<h/A,
noticed that the microwave power absorbed by the sample iwhere A is the Fermi contact hyperfine interaction of the
proportional to the nuclear fiefd,so that Fig. 1 also repre- electron spin with the nucleus. This inequality is at the origin
sents the BCESR absorption line shape. The ESR signal bef the motional averaging of the CESR spectrum, which is
ing detected by modulation of the magnetic fidg, the reduced to a single Lorentzian line.

ESR intensityl cgi takes the form of the first derivative of The second set of time constants contains the electron
the absorption line. For electron spins submitted to the Overspin-lattice relaxation tim&; and the electron spin-spin re-

IV. TIME SCALE OF BCESR
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Steady state M
BCESR —~
14 -7 -1 0¢ 3 A
1I0 I}OI IOI 10I L \1(1) N, % BO
I A T T * T T * ol B >~ n
T T1,T, T time (s) o A : )
’ X TK = U 0.2
Conductivity Electron  nyclear relaxation  Fluctuations E=!
Spin Overhauser effect 5 -0.04f
relaxation =
[a
o -0.081
FIG. 3. Characteristic times of BCESR. UBO -
n Nuclear field B, (G)

laxation time T,. The extreme narrowing regime of the
CESR line is characterized by the equality~T,. However
these two relaxation times do not play the same role in the
establishment of the nuclear order. A lofg is needed for

an easy saturation of the resonance line, which in turn pro-
duces the enhancement of the nuclear fiBjJdby the dy-
namic nuclear polarizatiohThe relaxation timeT, essen-
tially controls the number of solutions of E(). A bistable

b)

Potential U (G2s-1)

>
>

situation needs a lond,, which corresponds to a narrow -1 0 1 2 3

CESR line. Gallium oxide above 150 K is characterized by Nuclear field Bn (G)
T,~T,~2x10 s, which ensures conditions for obtaining

three stationary solutions for the nuclear field in E2). FIG. 4. Examples of potentiald for 8-G&0;3. (8 T=300 K,

The time constant for the establishment of the nucleaB:1=0.14 G, andBy~hv/gp. The discontinuous line represents the
polarization is the nuclear relaxation tirfie corresponding harmonic approximation for the potentiah) T=150 K,B,=0.4 G,
to simultaneous flips of electron and nuclear spins in oppoBo—h»/g8=—-2.6 G. The other parameters afg~T,~2x 10"’
site directions, characterized by the selection rule> Tx~0.5 s, andABo,)ma=2 G.
A(mg+m,;)=0. This relaxation is responsible for the transfer . . . . ,
of the electron spin polarization to nuclear spins, giving azufflmently rapid to avoid the effect of fluctuations. As will
nonequilibrium nuclear polarizatioff,, must be shorter than P¢ shown below, this condition is easily verified#rGa,0,
the other nuclear spin-lattice relaxation timeg, in order to be(?aqseTK>TX in this compoundFig. 4).' Therefore a de-
produce an efficient nonequilibrium nuclear polarization. InScriPtion of BCESR spectra recorded with very slow or very
B-Ga,0; above 150 KT, is of the order of 0.1 to 0.5 s while fast field sweep con_dmon; r)eeds to mclgde the dynamics of
T,, is of the order of 1 to 10 & The higher the difference thg nuclear field. This topic is dealt with in the later parts of
betweenT, and T,,, the best the efficiency of the dynamic thiS Paper.
nuclear polarization, determined by the leakage fadtor
given by the following expressioh: V. DETERMINISTIC DYNAMICS

OF THE NUCLEAR FIELD
1T,

_ (5) A. Description by a potential
UT,+ 1T,

f
Let us first consider the situation corresponding to a pas-
with O0<f<1. For a given electronic conductdrdetermines sage time throygh f[he resonance W.hiCh is smaller than the
the amplitude of the nuclear fieldBy,)... [see expression nuclear rela_xatlo_n timdy . This situation also includes the
(3)] which also controls the number of solutions of Eg) effect of rapld switching of one of the c_o_ntrol param_eﬂaés
and thus the existence of bistability. Bl,_ or T. S_mce the steady—stgte conditieB,/dt=0 is r_not

Bistable systems are sensitive to fluctuations, which aré(alld In t.h's case, the _evolutlon 0.3” must be taken into
able to induce transitions between the two stable stationar?ccOunt in the descrlptlon of the bistable resonance.
states. These fluctuations thus determine the long-time b%- Tﬁe rate equation for - the %r:?uclear polarization
havior of BCESR as it will be seen in Sec. V. The charac- 1) =9BBn/NA is given by the formul
teristic time of fluctuations, called the Kramers timg,° A1)
depends on the values of the different control paraméters 2=
By, andB;. It must be larger than the nuclear relaxation time Jt
T, for the observation of bistability by a sweep of a control jth°
parameter.

Consequently, obtaining a BCESR such as that presented szszBi
in Fig. 3 requires two conditiongi) the spin system should S= 2 21 272 _ 2
stay in a steady-state nuclear field, characterized by 1y TaToBi+ v To(Bo+ By —h/gh)
4B,/dt=0, during the magnetic field sweep through the resowhere(l %)=g,,8,1 (1 + 1)Bo/3kT is the thermal equilibrium
nance;(ii) the fluctuations should be sufficiently weak to nuclear polarization. Under saturation conditides-0), Eq.
avoid a« 7y switching during the sweep. These two condi- (6) with gBfs/g,B,>1 gives the following one-dimensional
tions are fulfilled if the sweeping rate through the resonancdifferential equation which governs the deterministic evolu-
is sufficiently slow to ensure a steady-state nuclear field, andon of B, :

1 aB
T, ()=(D— (19 9B fs

(6)
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B, nuclear field B, (G)
Ty ﬁ_T +Bn=(ABg,) max
« ’)’2T1TzB§ o~
1+ 92T, T,B3+ y?T5(Bo+ B, —hv/gB)?’ g b
8L
(7 2o
Equation (7) with the steady-state conditiosB,/dt=0 San oo
gives the fundamental equatid®) of the nuclear field. The eiE £
two important characteristics of E7) are that it is a con- : > Bo 2—}; (G)

tinuous function of control parametes andB,, and that it
is autonomous if we neglect the time dependenc8 pfe-
sulting from the modulation in the detection of the ESR sig- LemTTT B
nal. The latter assumption is reasonable since the modulation b)
frequency(100-kH2 is much larger than the relaxation fre-
guency(2—10 H32, which implies that the nuclear field can-
not follow the magnetic field modulatidfi. The consequence
of the particular form of Eq(7) is that the evolution of the
nuclear polarization may be interpreted as tdwerdamped
motion of a fictitious particl# in a potentialU defined by

I-T,U",

TN NI S R SR S
&Bn U -3.8 -3.4 -3 -2.6 -2.2 -1.8

- hv
at 9B’ ®) By 2B (&)

where—dU/dB, is the damping force. The nhumber of steady _ _ _ _
states forB,, which satisfy the conditioB,/dt=0, is de- F'% 56(80tT{'5r§el;d'm‘iES'°n?| plolt f(_’flgle fﬁ’}nam'c pOtfnmf
termined by the number of extrema of the potentalcor- tﬁé ﬁélcajla?ic?n are thevzamee Z);?g:aFiQI;M'IQHe tr?icialriir;secec:rsreo-
responding ta9U/dB,=0. Integration of Eq(7) gives the '

followi I ion for the d ) tential sponding to the minima of the potential represent the trajectory of
ollowing general expression for the dynamic poten the spin-field system during upward and downward magnetic field

9B sweeps. The discontinuous line represents the position of the poten-
U(B,)= _f -l dB, tial maxima. (b) Variation of 1-T,U{ vs the external field,
ot whereU;' (i=a,8,7) represents the second derivative of the poten-
2 2 tial at its minima(full line) and at its maximum(discontinuous
Bh (ABg,)maxyT1B1 line). ( )

2Ty T(1+°TiT,BD™? - -
thermal equilibriumB;=0) att<O0, so that the initial nuclear
field is B,(t<0)~0. At t=0, the microwave field is rapidly
(9 switched(within a time 5t<T,) to its final valueB;, which
generates the potentibl(B,,) with the “spin-field particle”
This potential always has one minimum if still char_acteri;ed by its initial valu§3n(t=0)~0. The
(ABg)ya<4/yT, and may have two minima if nuclear field will then evolve towards its steady St} as
(ABg)ma<4/yT,. The mechanical analogy of this self- "ePresented by the arrow in Fig(ah - .
organized spin-field system may become obvious if we con-. In & more general situation, where the restrictive condi-
sider the usual situation of a monostable Overhauser effec}'on.S YTiT,Bi<1 andBo + Bn~hv/gfs are absent, the po-
exemplified by the unsaturated  resonance Iineennal cannot be expanded in power series, anq_expressmn
(9) should be used as such. In the case of bistability, charac-
terized by AByg,)mac>4/yT, andB (<B,<B |, the potential
U has two minima corresponding to the stable steady-state
’ ! nuclear fieldsB¢ and B, and one maximum aB# corre-
be expressed by the following expansion of E3).about the  gponding to the thirdunstablé steady state. An example of
steady-state valuB ¢ of the nuclear field solution of Eq2). a bistable potential is shown in Fig(B}. As for the har-
By limiting the expansion to the second orderBy, we  monic potential, if the microwave fielB, is switched from
obtain zero to its final value at=0, generating the potentiél, the
1 fictitious particle is first at an initial potentidd (B,=0). It
~ NI _R0\2 next moves towards the steady stat@and remains trapped
U(Bn)~U(By)+ 2 UB(n)(B” Bn)" (10 in this state if there is no fluctuation, despite the fact that the
_ _ . _ statey is the most stable.

This harmonic expression &f(B,) is represented by the |t s now easy to understand the behavior of the spin-field
dotted line in Fig. 4a). The self-organized spin-field system system during a magnetic field sweep corresponding to a
can be considered to behave as a one-dimensional motion gICESR spectrum, by considering FiggbRand 5a). The
a particle submitted to the damping force |atter represents a three-dimensional plot of the potehtial
F= Ugo(Bﬂ— B,). Let us now consider that the system is atas a function ofB, andB,. The trajectory of the spin-field

¥T2(Bo+B,—hv/gp
(14 ¥°T,T,B]2

X arctar{

(¥"T,T,B3<1) of B-Ga,0; at 300 K and for an external field
B, close to the resonance conditi@y+ B,~hv/gB. The
potentialU is represented by the full line in Fig(a. It can
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system during a slow sweep Bf, (ensuring the steady-state
condition 9B,/ dt=0) follows adiabatically the potential val-
leys. It is represented by full lines in Fig(ad. In the field
rangeB y<B,<B/, corresponding to the bistable conditions,
the trajectory depends on the sweep directite sign of
dBy/dt). Upon increasing the variation &, the spin-field
system remains in the state as long as the potential barrier
exists. At the critical fieldB} where the potential barrier
vanishes (corresponding toU,=Us>U,), the spin-field
system follows the transitiom—vy. Upon decreasing field
variation, the transitiony—« occurs at a lower critical field
B}, corresponding to) ,=Uz>U,. However the transitions 10
a—7y and y—a are not so abrupt, as can be seen by com-
paring the experimental and calculated BCESR spectra
shown in Fig. 2. This is because fluctuationsByf can in- /
duce the switching even if the potential barrier has not com-
pletely vanished. The effect of fluctuations will be consid-
ered in Sec. VI.

20

Potential U (G2s”1 )
w
[e)

1 2 3 4

Nuclear|field B,, (G)
|
|
b)

|
experimental

B. General expression of the CESR intensity

It was pointed out above that in the bistable regime, the
BCESR spectrunia and y state$ appears only on one side
of the baseline, while théheoretical spectrum of the3 state
lies on the other side as shown in Fig. 2. This dissymmetry is .
surprising, the CESR spectrum being the first derivative of 0 Time (s)1
the microwave power absorbed by the spin system. Its
double integral, which gives the surface of the CESR line in  F|G. 6. Effect of a rapid variation dB, on the CESR intensity
a situation of monostability, becomes infinite in a situation ofin 5-Ga,0; at 150 K with a microwave fiel®,=0.4 G. The field is
bistability. This unusual CESR line shape can be explainedwitched att=0. It takes the valueB,—hv/gB8=—2.5 G att<0
by comparing expressiong) and (9), which give, respec- andB,—hv/g8=-1.9 G att=0. (b) Experimental and calculated
tively, the CESR intensity and the dynamic potentialof time dependences of the CESR intensity. The spin system was pre-
the self-organized spin-field system. These two expressiongred in thex state at<0. The other parameters of the calculation
are related by are those of3-Ga,0; at 150 K.

1-T,U"(B,)

|Eje: 1-T,U"(B,) (11) when the spin-field system makes a transition from one
lo X n stable state to another after a sudden variation of a control
parameter. An example of the effect of an abrupt variation of
The consequence is that a simple examination of thé, is shown in Fig. 6. Att<<0, the spin-field system is pre-
shape ofU gives a qualitative prediction of the steady statepared in thex state by a slow positive field sweep stopped at
as well as the transient CESR intensities. a valueB,(t<0) [upper potential in Fig. @&]. This field is
(i) During a magnetic field sweep under steady-state coneharacterized by the nuclear fieR},(t<0)=B¢. At t=0,
ditions, the CESR intensity is given by expressitil) the field B, is rapidly switched to a valu®,(t=0)=B),
where the second derivative bf(B,,) is taken at the station- corresponding to a situation of monostability, just above the
ary state8 7, B, andB . Figure §b) represents the depen- transition a—y. The corresponding potential is noted
dence on the magnetic field of-1T,U; (i=a,B,y) corre-  y(t=0) in Fig. 6a). If the switching ofB, occurs in a time
sponding to the potential&) of Fig. Xa). These curves scale smaller thaf,, the nuclear polarization cannot imme-
reproduce fairly well the shape of BCESR spectra as can bgiately follow the variation of8,. This corresponds to the
checked by comparison with Fig(l8. Since the signs of vertical transition between the two potentials represented in
U{" at the minima and the maximum of the potential areFig. 6(a). After the field switching, the system evolves to the
different, the sign of the CESR intensity of the stable states stationary state of the potentibl(t=0) in a time scale of
andyis opposite to that of the unstable st@teMoreover the  the order of the nuclear relaxation time. This potential has
bistable potentials are always characterized|B§|>[U] been chosen to differ significantly from a harmonic potential.
~1/T,, so that the CESR intensity of the state(forward  In particular the sign ob)”(B,,) changes along the trajectory
field sweep is always larger than that of the state(back-  of the spin-field system toward its final state, as shown in
ward field sweep which is close to zero. The peculiar shape Fig. 6b). According to expressioiill), this should corre-
of the BCESR spectra is thus completely determined by thepond to a similar change of the CESR intensity during this
curvature of the potential wells. evolution. The experimental time dependence of the CESR
(i) Expression(11) provides also a qualitative prediction intensity shown in Fig. @) is in qualitative agreement with
of the CESR intensity in a transient experiment, for examplghis expectation.
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VI. EFFECT OF FLUCTUATIONS

A. Fluctuations and long-time behavior of BCESR

At this stage of the investigation of the spin-field dynam-
ics, it was assumed that the bistable nuclear field is strictly
determined by the control parameters. However fluctuations
cannot be avoided and will necessarily influence the dynam-
ics by inducinga« vy transition in the bistable potential. Lo-
cal fluctuations oB, can be induced by random flipping of
nuclear spins. The manifestation of these fluctuations can be
represented as follows. Let us consider a single electron spin

ESR intensity
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Sinteracting withN nuclear spin$ by a scalar interactioA.
The nuclear field is given by,=NA(l,}/gB, where the
nuclear polarizatior(l,) is the ensemble average of the
nuclear spins over the nuclei. This nuclear polarization is
maintained by the electron-nucleus relaxation mechanism
corresponding to the relaxation tinfg . Since nuclear spins
may also relax independently with a relaxation time
T,,>T,, the effect on the nuclear field of random flipping of X
one nuclear spin will depend on the total numbérof S y state
nuclear spins, which represents the size of the spin system. If AP SN S T “‘.‘*w
N is very large, this system may be considered as macro- 0 400 800 1200
scopic, and independent flipping of nuclear spins do not time (s)
strongly affectB,,. If N is small enough so that the spin o L
system must be considered as microscopic, each independethlG' [ Flugt_uat|on-|n_duced_<—>ytransmon In-G2,0; at 150
nuclear spin flipping can modify significantly the nuclear . un.der bistability conditions W'”U7.<.U“' The spin-field system
polarization, lies in the « state att=Q._ The variation of the CESR intensity
The important effect of fluctuations is to control the long- gr(rs)s gon_ds:fg?i t_rgngglgn to thestate.(a) Bo—hv/gp=-2.41
time behavior of BCESR by inducing transitions between 0 ' '
and vy states of the bistable potential in the presence of a
potential barrier. In that case the final occupied state is al-
ways that possessing the lowest potential. In order to stre§a
the effect of quctuatlor)s 0B, in 5-Ga0; under b'Stab.le general Gaussian white noise with zero mean value and a
conditions, let us consider the BCESR spectrum of Fig. 2'5—autocorrelation function:
This spectrum was recorded with a sweeping rate large '
enough to prevent the effect of fluctuations, so that the spin
system effectively occupies successively the two stationary
states during the forward and backward field sweeps. How-
ever, if the external field is increased up to a value (n(t)yn(t"))y=2D.5(t—t"),
B ¢<By<B) inside the bistability window, and correspond-
ing to the potential conditiot) ,<U,, the system lies first whereD is the variance of fluctuations anf{t—t’) is the
in the « state, but fluctuations provoke the transition to thepirac function. The noise intensify is independent of time.
more stabley state, which manifests itself by a variation of Equation(12) still corresponds to the overdamped motion of

the CESR intensity. The result is shown in Fig. 7 for two a fictitious particle in the potentidl, and submitted to fluc-
values of B;, where it can be seen that the fluctuation-tyations.

induced a— vy switching is achieved in a time scale which
can be as high as 3. The kinetics of the transition is
controlled by the intensityp of the fluctuations and by the
internal parameter8,, B; and T, which determine the The effect of fluctuations is to induce a distributionByf
heightU;—U, , of the potential barrier. The effect of fluc- characterized by a distribution probabily(B,, ,t), which is
tuations has an important consequence on the BCESR itseolution of a Fokker-Planck equati¢fPB):?
If the field is swept very slowly through the resonance line,
the spin-field system always occupies the lowest potential IW(B,, ) 9 92
during the field sweeping, so that the hysteresis vanishes. —————=| — DY(B,)+ —
Fluctuations ofB, can be accounted for in Eq8) by o 9By 9By
adding a random force(t) to the damping force-9U/dB,,,
giving the following stochastic differential equatidbhange-
vin equation:

o state %'M»&‘;\‘ b)

ESR intensity

Without precise information on the characteristics of fluc-
ations, we may assume thaft) corresponds to the most

(n(1))=0,

(13

B. Fokker-Planck equation for the nuclear field

D(z)(Bn)}W(Bn ),
(14)

where the terms within brackets represent the Fokker-Planck
operatorlp. The termsD(B,) andD?)(B,) are, respec-
tively, the drift coefficient and the diffusion coefficient. In
the case of the Overhauser effect with the fluctuation char-
acteristics described above, these coefficients are given by

B,
at

= v + n(t

12
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pey-- 0, 1 g
” = 53 5
D?(B,)=D. 15 % z £ g
2 B 2 B
. . o< g d 2
The Fokker-Planck equatiofl4) represents the equation i e ) 2
of motion of the fluctuating variablB,,. With the drift and e R B 5“‘ e 5°‘
diffusion coefficients given by Eql5), it is equivalent to Nuclear field B, (G) Nuclear field B, (G)
the Smoluchowski equation describing the Brownian motion > >
of a particle in the potential  which has been largely | © [ X . d g
treated in the literature. By a separation of variables, the 5 S 3 3
distribution function is writtetW(B,, ,t) = ®(B,)e” "', which g é’ £ 2
transforms the FPE into the following eigenvalue equation: £ § g ' ;;
oo Sy e g
Lep®;(Bp) = —v;®;(By), (16) e R R A R Jm L 5D~
i ) , Nuclear field B, (G) Nuclear field B,,(G)
where®;(B,) and»; (j=0,1,2,3,.) are the eigenfunctions o
and the eigenvalues of the Fokker-Planck operdtgg. € g
Knowing the two first eigenvalues, and v;, and the first % 3 £
eigenfunction®y(B,,), we can describe the behavior of the £ 2 E
fluctuating, self-organized spin-field systedigy(B,) gives § £ 5
the distribution of the nuclear field associated to the eigen- ) \ 8 §
value r=0: S S
Nuclear field B, (G)
U(By)
<I>0(Bn)=/\/ex;{ -5 ) (17)

. o ) FIG. 8. Variation of the dynamic potentiél (full line) and of
whereV'is a normalization constant. The other eigenvaluesne probability density®(B,,))? for the distribution of the nuclear
are strictly positive, withvy being of particular interest since fieid, vs the nuclear fiel@, for 5-Ga,0j; at 150 K. Each figure is
it is related to the inverse Kramers timg*, which repre-  characterized by a value &,. These values are marked by arrows
sents the transition rate between the two potential wells. Ifn the bottom right figure, which represents the calculated BCESR
we noter,_,, andr,_, , the Kramers times for the transitions spectrum. Caseé) and (e) correspond to monostable situations.

a—y

a—y and y—a, respectivelyy, is given by the sum of the Casegb), (c), and(d) correspond to situations close to the equipo-
two Kramers rates: tential conditionU ,= U, . The parameters of the calculation are the
same as for the other figures, with a fluctuation intenBity0.3
V= T;iﬁ— T;ia G*s ™™
1 THIE —(Ug—U,) nuclear field, the intensity affected by the distribution of the
“on ol Uglexp D nuclear field. The long-time CESR intensity is thus given by
1 —(Ugz—U +ee —
+Z U';|U’[;|exp—( II;D 7). (18 IESR(BO:D): “.exd U(anBO)/D]IESR(BnaBO)dBn

lo lof 1% exd —U(B,,By)/D]dB,
(19

This expression is valid only if the intensiy of fluctua-
tions is smaller than the potential barridy—U; (i=a,). Figure 9 represents the theoretical and experimental

Figure 8 shows the variation of the probability density CESR intensities fop-Ga,05 at 150 K in the small magnetic
(Py(B,,))? of the distribution ofB,, for different magnetic ~field range of the bistability window where fluctuation ef-
field values corresponding to the BCESR spectrum of Figfects are present. This field range correspondsl fecU,, .
2(b), and calculated by using expressittv) with a noise  The full line represents the BCESR intensity without fluctua-
intensityD =0.3 G s . It can be seen that f@,>B), (case  tions(D=0) given by expressiofiL1). The other curves rep-
a) or By<B} (case ¢ corresponding to monostable situa- resent the stationary CESR intensities given by expression
tions, B, has a nearly Gaussian distribution centered on th¢19) for different values of the fluctuation intensify. The
stationary nuclear field8} and By, respectively. For the experimental points were measured by following the evolu-
bistability situationB $<B,<B), (cases b, ¢, and)dB, is  tion of the CESR intensity at fixed values Bf (Fig. 7). In
distributed over the two potential wells with a relative weight each case the spin system was prepared imtsiate at time
depending on the differendg,— U, . Thus the BCESR in- t=0 by a positive variation oB,. The CESR intensities at
tensity without fluctuations and with fluctuations are veryt=0 andt=+o are represented in Fig. 9 by open circles and
different. In the former case it is given by the second derivafull circles, respectively. It appears thBt=0.3 Gs ! is a
tive U}, and U’ of the potential well{expression11)]. In  good guess, even though we lack experimental data for the
the presence of fluctuations, the BCESR intengithich is  magnetic field range corresponding to the equipotential
no longer bistable is obtained by integrating, over the (U,~U,), due to the very long time required for these ex-
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__{u(By)
¥;(B,)=ex o D(By). (22
b, o oo
5\\1 - ——— D=0 In particular the eigenfunctioWy(B,,) corresponding to
- | (nitial o p_g g the first eigenvalue,,=0, which gives the stationary distri-
g NS intensity bution of B,,, is derived from expressiond7) and(22):
i \.;.‘\ . e final D=0.3
g BN intensity --- DP=0.5
o\ U(By)
It is the only eigenfunction of{ which can be determined
analytically in the most general case for the Sclimger
equation(21). However,H being Hermitian, its eigenfunc-

tions form a complete set characterized by the orthonormal-
ity relation (24) and the completeness relati(2b):

v.(B,)¥.(B,)dB,=d;, 24
FIG. 9. Calculated and experimental CESR intensitpygak- j i(Bn)Wi(Bn)dBy= 249

ing into account the effect of fluctuations of the nuclear field, for

B-Ga0O5 at 150 K under bistability conditions. The magnetic field _

range corresponds to the bistability winddg<B,<B}). Each 2 Wi(Bn)W;(By)=6(Br—Bp).
curve is calculated with a fixed value of the fluctuation intenBity

(in G®s™1). The experimental points represented by open circles Applying transformatior(20) to the Fokker-Planck opera-

(t=0) and full circles(t=+<) correspond to the CESR intensity tor L gp [expressior(14)] leads to the following Hamiltonian
measured on curves such as those shown in Fig. 7. The experimeﬂ)—r the spin-field system:

tal values att=+« are compatible with a fluctuation intensity

D=0.3+02Gs " 72

H=D a_Bﬁ_VS(Bn)a (26)

(25

periments. In this case the response is most sensitive to in-
strumental fluctuations. The fact that the experimental vaIUWhereDaZ/aaﬁ represents a “kinetic” term, and where the
of D is smaller than the potential barrier justifies the assimi-Schralinger potentiaVg takes the following form:

lation of the eigenvalue, of Eq. (16) with the Kramers rate
[expression18)].

It should be noted that EqR) implies that the steady-state
field valuesB 7 andB} are always positive. However, fluc-
tuations allow negative values f&,, as can be seen in Fig.  The conversion of the FPE to a Sctiager equation
8. gives an interesting physical image for the self-organization
of the spin-field system as will be discussed in Sec. VIII. The
Hamiltonian(26) can also be written as follows:

(U'(Bn)* U"(By)

(27)

VIl. SCHRO DINGER EQUATION OF THE SELF-
ORGANIZED SPIN-FIELD SYSTEM H=—a'a, (28)
A. Background where the operatora anda* are defined b%f

The eigenvalue equatiol6) is closely similar to a

Schralinger equation, except that the Fokker Planck operator _ D —U(B,) 4 U(Bn)
is generally not Hermitian. This property can be achieved by a=vb e 9B, P op
the following transformatio? (29
U(B, 4 —U(By)
+t— _—
U(By) U(B,) a’=—\D exp—5— S5 exp—5—
H= ~5p L e g/ (20
and with the following commutation relation:
where H is now a Hamiltonian. Applying transformation [a,a*]=U"(B,). (30)
(20) to the stationary FPE16) gives the following Schro ’ n
dinger equation: This commutator and expressighl) are linked by the
following general expression for the CESR intensity:
H\Pj(Bn) == Vj\pj(Bn) (21 |
BSR4 +
with the same eigenvalues as EG6). The eigenfunctions lo 1-T{aa"]. (3D
W¥;(B,) of the Hamiltonian?{ are related to the eigenfunc-
tions®;(B,,) of the Fokker-Planck operattrp by the trans- Thus a simple examination of the CESR spectrum allows

formation: us to determine the value taken by the commuté&s&y for
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ties (\Ifj(Bn))Z. It can be seen that the self-organized states
of the spin-field system are quantified, with a quantum equal

to U’E';g= V2ViD and a ground state,=0 lying at half a

quantum above the potential origin.

It is worth noticing that the close analogy of the
monostable self-organized spin-field system with the
quantum-mechanical harmonic oscillator implies the exist-
ence of an uncertainty relation. The latter can be obtained
from operatord andb™, which are derived from tha and

? ! 9 ! 2" a’ operators given by expressi¢R9):
g0 Nuclear field B, (G) P 9 Y expressi¢ao)

Potential V, (s-1)

J
FIG. 10. Harmonic oscillator describing the monostable self- b= 7 (§+ a—g)
organization of the spin-field system fliG&,0; at 300 K,B;=0.04 2
G, By=hv/gB and D=0.3 &s L This figure represents the
Schr"cdinger potenti.a_h/s, the_gigenvaluezsrj (j=0-3 and the cor- b*-i . i (36)
responding probability densitigd;(B,,))-. —‘/2 aE)’

all the different situations of temperature afstiatic and mi-  with
crowave magnetic field amplitudes.

Ulo
VB
B. Monostable self-organization é= 2Dn (B,—BY). (37)

The interest of describing the self-organization of the
spin-field system by a Schiinger equation can be assessed ¢ represents a dimensionless “position” operator in the
by considering again the most common situation ofmagnetic field space, and its corresponding “momentum”
monostable Overhauser effect discussed in Sec. V A, whicBperatorP is written asP= —ia/d¢. The calculation of their
may be described by a harmonic potentialWith transfor-  root-mean-square deviationst and AP is straightforward

mation (27) the harmonic potential given in expressiti0)  and is found in many text books of quantum mechanics,
is converted to a harmonic Scliliager potentiaVs given by which gives the following relation:

. (B,—BY)? 1)

AEAP=j+1/2=1/2. (39)

Retaining the analogy of the spin-field self-organization
The corresponding commutation relation of operatars with a quantum-mechanical particle moving in g space,
and a* becomes[a,a*]=U’E’;o. The analogy with the the uncertainty relatio(88) originates from the impossibility
for the particle to minimize the two terms of the Hamiltonian
)(26), because the fluctuation intensity figures in the nu-

merator of the “kinetic” term and in the denominator of the
=b*,/Ugo. The operatord andb™ obey the well-known potential term Eq. (27)].

commutation relatiofib,b*]=1 and are thus strictly equiva-
lent to the creation and annihilation boson operators of quan-
tum mechanicé? The Hamiltonian now takes the form In the most general case where no particular conditions
are imposed to the microwave fieB, and to the external
H=— U'E;ob*b (33) field By, the Schrdinger potentiaVg is no longer harmonic
" and becomes bistable if the critical conditi@t) is satisfied.
with eigenvalues Figure 11 shows an example of bistable poten#glcalcu-
, lated from expression@7) and(9) for different values oD.
vi=jUg (j=0,1,23...) (34 Its shape is significantly different from that of the dynamic
) ) " _ ~ potential. It is worth noticing that the potential wells are
and e_|genfunct|ons which are those of the harmonic oscillamgre pronounced foW/g than for the dynamic potential,
tor, given by the usual expressions: and that the shape of the former is not strongly dependent on
1 14 B2 the fluctuation intensityD. In particular this parameter influ-
‘Po(Bn)=(—) exp( ___n ) ences only the tw_o limits oVg. In c_ontrast Wlth the har-
27DTy 4DT, monic case, the eigenvalues and eigenfunctions of the gen-
i (35 eral Hamiltonian(26) cannot be derived analytically except
W (B)= (b™) ¥y(B,) for those corresponding to the ground stpted, with v,=0
=n Jj' 0 =n/- and Vy(B,) given by expression23). The ground-state
probability distribution(¥(B,,))? for the nuclear field calcu-
Figure 10 shows a monostable Satlirmer potential with  lated withD=0.3 G s ! is shown in Fig. 11. Like the har-
the first eigenvalues; and the associated probability densi- monic oscillator, the ground staig lies above the bottom of

n
guantum-mechanical harmonic oscillator can be shown b
writing the operatorsa and a* as a=b,/U'E;o and a*
n

C. Bistable self-organization
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The molecular analogy of the self-organized spin-field

o —D=03 '3 system extends to the bistable cdBey. 11). Bistable elec-
~ i :f; tronic ground states are known for a variety of dinuclear
& st 17 = transiton metal complexes called mixed-valence
>k 18 = complexes>?° Let us write A-B as such a complex, with
FEE P> one electron being trapped on one of the two shesr B.
Sof § = The two stable states of the complex are writheh-B and
E : 8 %’ A—B° depending on the electron site. The corresponding
: <8 electron energW/(Q) exhibits a double-well contour with
ST T minima at configuration coordinat€¥, andQg . Depending
nuclear field B, (G) on the chemical nature oA and B, the potential takes a

variety of shapes including those encountered for the bistable

FIG. 11. Anharmonic oscillator describing the bistable self- SPin-field system, wher@, and Qg are substituted by the
organization of the spin-field system ;1Ga,0; at 150 K,B;=0.4 steady-state nuclear fields; and B ). The thermally acti-
G, andBy—hv/gB=—2.6 G. This figure represents the Schro V?‘tEd_ 6|eCt_r0n transfeA°—B<—>A—E_,° between t_he two
dinger potentiaVg calculated for different values @ (in G2s™1),  sites is equivalent to the fluctuation inducee-y switching

with the ground-state eigenvalugand the corresponding probabil- Of the spin-field system, the role of kT being played by the
ity density (¥'o(B,,))? calculated foD=0.3 Gs L. fluctuation intensityD. Recently Guiheryet al® discussed

the possibility of using bistable donor-acceptor molecular

the potential. This feature can also be interpreted by the fac@mplexes for bit storage, the switching between the two
that it is impossible for the self-organized spin-field systemsStates being induced by the application of an external pertur-

term” of its Hamiltonian. strictly equivalent to the modification of the potential (or
Vg) induced by the field sweeping in BCESR, wheBg
plays the role of the external perturbation.
VIll. MOLECULAR ANALOGY Contrary to molecular systems which exhibit discrete
electron energy leveldiscrete potentialy/), the spin-field
ystem possesses an infinity of potentials since a potential is
etermined by the values of the external parameBgrB,,
andT, which are continuous parameters. However the rapid
modification of a control parameter induces a vertical transi-
tion from one potential to anothdsee Fig. 8 and ex-
p2 amples shown in Ref. J4This is equivalent to the vertical
H=~—+V(Q—Qy), (39) transmons. bgtwe_en electronic molecular stat&sanck-
21 Condon principlg in molecular spectroscopy.

The same type of Hamiltonian as in E@6) is found in
many situations, among which molecular systems are th
most familiar to chemists. For example, the vibrational
Hamiltonian of a diatomic molecul@-B is written, within
the adiabatic approximation,

where u=M ,Mg/(M,+Mpg) is the reduced mass of the
molecule,Q andQ,, are, respectively, the configuration co- IX. CONCLUSION AND PERSPECTIVES
ordinate(the interatomic distangeand its equilibrium value,
andP=—iAd/dQ is the momentum operator. The potential
V(Q—Q,) corresponds to the ground-state electronic en
ergy. It exhibits a characteristic shafdorse potentiglfor a
diatomic molecule. However, restricting the molecular vibra-
tions to small oscillations about the equilibrium interatomic

The purpose of this work is to analyze the Overhauser
effect in conductors in terms of self-organization of the sys-
tem composed of nuclear spins and the microwave figld
Saturation of the ESR line of the conduction electron spins
induces an ordering of the nuclear spins, resulting in an en-
) . . hanced nuclear field which shifts and distorts the ESR line.
d|stanceQe, the expansion of the potentna{I?bothe rr12ay Two situations are analyzed. The first corresponds to the
be restricted to its harmonic temV~Vqo (Q—Qe) 2 monostable Overhauser effect, which is the most common
=nw?(Q—Qg)?2. With this restriction, the molecular situation known so far, and in which the resonance line is
Hamiltonian (39) is strictly equivalent to the Hamiltonian only shifted and distorted but exhibits no hysteresis. The
(26) of the monostable spin-field system discussed in Seaecond situation corresponds to the bistable Overhauser ef-
VII. The nuclear fieldB,, and its steady-state vall&) cor-  fect, which was easily produced at high temperatures and
respond, respectively, to the configuration coording@emd  moderate fields only in gallium oxide. The nuclear field is
Q.- The termD #%/ 9B 2 for the spin-field system corresponds bistable and its actual value depends on the direction of the
to the kinetic energyP?/2u=(%2/21)d*/dQ? of the mol-  magnetic field sweep. The corresponding CESR line is
ecule, giving the expressiop=7%%2D for the “reduced strongly distorted and exhibits hysteresis.
mass” of the self-organized spin-field system. With this e focused on the behavior of the dynamics of nuclear
analogy, the vibrational quantufiw of the “spin-field mol-  spins including the effect of fluctuations. The principal re-
ecule” is equal tofi J2VED. The vibrational wave function sults are the following:

W¥;(Q) of the molecule, which represents the indetermina- (i) By restricting the dynamics to its deterministic aspect,
tion on the interatomic distance in thth vibrational level, is  the enhancement of the nuclear field is interpreted as an
equivalent to the distribution probability;(B,) for the  overdamped motion in a potentidl, which is monostable or
nuclear field. bistable depending on internal and external parameters.
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(ii) The second derivative of the potential is directly re- In conclusion, the bistable Overhauser effect offers a very
lated to the CESR intensity by a very simple expressionsimple situation where the combination of deterministic and
Under steady-state nuclear polarization, the shape ddtochastic effects could be studied with routine experimental
monostable and bistable CESR spectra are determined by teetup. In particular the phenomenon of stochastic resonance
second derivative at the minima &f. The transient CESR  has attracted a considerable attention over the last détade.
intensity is determined by the second derivativeloilong  Basically, this effect is the response of a bistable system to a
the trajectory of the spin-field system in the potential. weak periodic modulation and to an external noise. Contrary

(iii) Fluctuations of the nuclear field induce transitions g, jinear systems, the signal-to-noise ratio of the response of
between the two potential wells, so that they influence theyg pistaple system increases with the noise intensity up to a
long-time behavior of the BCESR spectrum. The effect o yinum and next decreases for further increase of the
fluctuations is taken into account in the dynamics by SOI\”mJnoise intensity. The bistable Overhauser effect could provide

the Fokker—P[anck equation for the spin-field system, WhICIh&he possibility of observing the stochastic resonance in an
gives the stationary distribution of the nuclear field. electron spin-nuclear spin system
a p pin sy .

(iv) When the Fokker-Planck equation is converted into
Schralinger equation, the self-organized spin-field system
may be compared to a vibrating molecular system in the
nuclear field space. The nuclear field plays the role of the
configuration coordinate. With this description, the ]
monostable and bistable spin-field systems correspond to di- Laboratorie de Chimie Appligeede I'Etat Solide is Unite
atomic and mixed-valence molecular architectures respedssoci@ au Centre National de la Recherche Scientifique
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