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The drift motion of 180° domain walls of thab type in a weak ferromagnet in an elastic stress
field created by a sound wave propagating parallel or perpendicular to the plane of the
domain wall is investigated. The dependence of the domain-wall drift velocity on the direction,
amplitude, and polarization of the sound wave is found. The conditions for drift of a

stripe domain structure are determined.2002 American Institute of Physics.
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INTRODUCTION of DWs in a ferromagnet in the field of a sound wave was
considered in Ref. 10 on the basis of the Slonczewski equa-
The study of the dynamics of domain wallBWs) in  tjons.
weak ferromagnetéWFMs) has been the subject of a large  |n this paper we investigate theoretically the influence of
number of both theoretical and experimental wodese, e.g.,  a sound wave on the dynamics @b DWs in a WFM.
Refs. 1 and 2 One of the most intensively studied classes of
WFMs are rare-earth orthoferrites. The reason for the heightEQUATIONS OF MOTION

ened interest in this class of magnets is the high DW veloci- For description of the nonlinear dynamics of DWs in a

ties in c.)rthloferr'|tes. The bW VEIO.C'ty n .WFMS n a Stalic +\5_sublattice WFM we use the Lagrangian density written
magnetic field is the highest attainable in magnetically or-

_ . in terms of the antiferromagnetic unit vecto(1?=1). We
dered materials. Moreover, DW motion can also be brothéssume that the Cartesian axesy, z coincide with the
about by alternating fields, in particular, by a sound field, thecrystal axesa. b. c. To describe t,he DW dynamics it is
influence of which on DWs has been inadequately StUdIedConvenient to transform to a spherical coordinate system:

The elastic strain due to a sound wave acts on a DW by

changing its energy, which leads to motion of the BW. Iy +il,=sindexpie), |,=cosd. (1)
In rare-earth orthoferrites far from the spin-reorientation £, o \WEM of the rare-earth orthoferrite type with char-

region there can exist wo types of 180° DWs, which sepay,(aristic symmetry 22, the Lagrangian density in angle

rate domains with opposite orientations of the am'ferromagi/ariables can be written in the fofrh

netic vectorl and ferromagnetic vectan.**® DWs of one

type (ac) correspond to a rotation of the vectdrandm in o @ o, a

the plane of the DW, while DWs of the second typeby ~ L(6:¢)=Mg) 5 5[(0)°+(&)?sin® ] — =

correspond to a rotation of the vectiowith a simultaneous

change in the magnitude of the vector Which of the types ) - B . _ B,
of DWs is realized is determined by the sign of the differ- X[(VO)*+(Ve)?sir? 6] - 73'”2 Osir? o— >
ence of the anisotropy constants of the magnet. This sign . .

changes at the transition through the critical point, and a DW X cog 6— y[sin 26(uy, COS@+U,,SiNg)

of one type is transformed into a DW of the other type. Such
a transition is observed, in particular, in dysprosium orthof-
errite DyFeQ at T=150 K° below which a DW of theab
type is realized, and above which, a DW of the type. +Uy,Sin QD)]}, 2

The majority of theoretical and experimental studies on
WFMs have been done for DWs of the type. At the same Where an overdot denotes a time derivativdg=(M?
time, as was shown in Ref. 2, the dynamic propertiea@f + M%)/Z, Mg is the modulus of the sublattice magnetization
and ab walls are substantially different. A comparative vectorsM; andM; are the sublattice magnetization vectors,
analysis of DWs of thac andab types under the influence C¢=gMg\/ad/2 is the minimum spin-wave phase velocity,
of an alternating magnetic field was done in Ref. 7. Theand a are the homogeneous and inhomogeneous exchange
approach used in that paper was based on a description of theraction constants, respectivetyjs the gyromagnetic ra-
nonlinear dynamics of the magnet by means of an effectivdio, 51 and B, are the effective rhombic anisotropy con-
Lagrangian. That approach has also been used to study D¥fants,3,=3,+d? 8, d is the Dzyaloshinskiconstantu;,
dynamics in two-sublattice WFMs and in ferrit¢$The drift  is the elastic strain tensor, andis the magnetoelastic con-

+ Uy, COS" O+ Sin? O(Uyy COS @+ Uy, Sin 2¢
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stant. From here on we shall treat the sound wave as aDW can occur both through the positive and negativei-
external field. We have not included {8) the term describ- rections, depending on the paramegeiTherefore, adjacent
ing the energy of the elastic subsystem, as we are neglectifigWs making up a stripe domain structure with rotation
the influence of the magnetic subsystem on the elastic sulwf the vector| in the xy plane correspond to values
system. We shall assume that the wavelength of the sound ig(y=*«)=FR and to one of the two values
much larger than the width of a DW, so that we can ignorel,(y=0)= *p. In the presence of an external field and for a
the internal structure of the DW. certain matching of the signs of the topological charges
The dynamic drag on a DW due to dissipative processeand parameters in adjacent DWs of thac type in a WFM,
is taken into account by means of a dissipative funciion  translational motion of the stripe domain structure as a whole

M Mo can occuP
F=2—goi2=2—go(02+¢2sin2 9), &)
whereN is the Gilbert damping parameter. , SOUND WAVE PROPAGATING IN THE PLANE OF THE DW
The equations of motion in the angle variables with the
damping taken into account have the form Let us find the solution of systefd) and(5). For this we
o d use a version of perturbation theory for solitdh&’ We con-
aV[(Ve)sir? ]— — — (o Sir? 6) sider a monochromatic sound wave of frequengyropagat-
¢ dt ing parallel to the plane of a DWu(r, ,t) =ugexpik, -r,
— B, Sir? 0sing cosg— y —iwt), wherek, -r, =k,x+k,z. We introduce the collec-
tive variableY(r, ,t), wherer, =(x,z), as the coordinate of
X {Sir? 6 (U,,— Uy, Sin 20+ 2Uy, COS 2p) the center of the DW. Assuming that the amplitude of the

\ sound wave is sufficiently small, we seek the solution of the
+5sin 26(uy,Cosp— uxysinqp)}: gW¢ si? 6, (4) system of equationg&), (5) in the form of an expansion,
0

. o(r,t)=20 +6,(&r, )+ 60,(&r, D)+,
a(Aa—Elga Singcos a(glzéoz—(V(P)z) (r,0)=00(§) + 01(&r, )+ 0:(E1, 1)
e(r)=e(&r O+ ea(&r O+, (8
— B4 Si? @+ B, | — y[Sin 26(uy, cos ¢

where é=y—Y(r, ,t), and the indices1i=1, 2,... indicate

+ Uy, SiN 20+ Uy, SN o —Uyy) th_e order of smallness of the quantiti_es in respect to the am-
plitude of the sound wave. The functigly(£) describes the

unperturbed DW and satisfies relatidi@$. The functionsd,

and e, (n=1, 2,...)describe the distortions of the shape of

the DW due to excitation of spin waves. The drift velocity of

It B1>p,>0, then far from the spin-reorientation region 5 pyy js determined as the average of the instantaneous ve-
in the WFM and in the absence of external fields the DW of

theab type is stable: the vectdrotates in thexy plane, and I\(/)C'iyVLrlt't)(;Y(rL 'tg o:j/er tthe oscnlat'lon perlct):, € q
the ferromagnetic vectom varies only in magnitude ng ar=V(r, 1) (the overbar denotes averaging over the perio

=(M;+M,)/2My= —de,sind/ 4, e, is the unit vector along of the sound vyav)e S . .
the z axis).*3 this DW corresponds to a val ©o=0, and Representing the derivatives of the collective variable as
. |.4@: o— Y

the variabled= 6,(y) satisfies the equation series in the amplitude of the sound wave, we can obtain the
0 system of equations of the first approximation. It follows
aeg+732 Sinfy cosf,=0, (6)  from those equations that in the given geometry of the prob-

lem, in a linear approximation in the amplitude of the sound

whgre a prime denqtes differen.tiation W.ith respept to th(?/\lave the wave will not cause motion of the DW but will lead
variabley. The solution of equatiof6), which describes a to the excitation of localized and nonlocalized spin waves.

static 180° DW, has the form Here the spin waves are excited by both the transverse and

, .
+2 cos 2(uy, Cose+Uy,Sing) | = g_l\/lo 6. (5

) LY longitudinal components of the external field.
Oo=— %COSGO(Y)= - %COSh Yo' From the dynamical equations for the magnetization in
the second order of perturbation theory one can determine
. _ y the DW velocity. By averaging the resulting expression over
Sin6o(y) =~ Rtanhy—o, D the period of the sound wave, we obtain the DW drift veloc-

= ity Vg =V,=09Y,/at:
whereyy,= vV al/ B, is the DW thicknessR= *1 is the topo- Y Y=z 2

logical charge, angg=*+1 is a parameter describing the di-
rection of rotation of the vectol in the DW. In solving
equation(6) we have assumed that it satisfies the boundar
conditionsfy(* )=+ 7/2.

180° DWs separating domains with opposite directions 5
of the magnetization in the stripe domain structure have op- ()= q (10)
posite topological chargeR. Rotation of the vectof in a pat@ ’uo(1+ o)ia?’

Var=Rpu1()[ (KUox) (KzUoy) + (KxUoy) (KUo) I, (9)

%vhere the nonlinear DW mobility
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with The numerical coefficientg;~1, ,~0.4, andn;~3
_ are obtained by evaluating the expressionsgg(w). The
B _(B1=B2) main contribution to the drift velocity is from the nonlinear
Ko= N w2 7T : mobility u,,. To estimate the drift velocity we use the pa-
B2 1 B2 M

rameters of yttrium orthoferrite:;uo~2x 10 cm/s, yo~4
w1=ClYy, is the activation frequency of the lower branch of y 156 cm, o~2, ’~32~1, w~4x10" s, and w,~6
bulk spin waves, and, =X 5gMo/4 is the characteristic re- 108 51, The drift velocity associated with the mobility
laxation frequency. pxy fOr ©~10° 572, a sound velocitys=10° cm/s, and a

If we setR=—1 andp=+1 in formula(9), then that  aximum attainable value of the strain tenkog~ 1075 is
expression describes the drift of a solitary DW. The presence, ~ 3 cms.

of the factorRp in the expression for the drift velocit{9) The presence of the fact@®p in expression(12) indi-
attests to the possibility of drift of the stripe domain structurecies that in the field of a sound wave having components
as _awhole. Adjacent Dws have opposite vaIue; of the tODOUOy and up, and propagating perpendicular to the plane of
logical chargeR, and for drift of the stripe domain structure {he pws, a drift of the stripe domain structure will occur.

it is necessary that the parametpris the adjacent DWs also On the basis of the analysis given above, we have estab-
be different, i.e., the orientation of the vectom adjacent |ished that in a WEM the drift of a solitary DW of thab
DWs should be opposite, while the direction of rotationyype and of the stripe domain structure can occur both in

should be the same. In that case the facRpsfor adjacent  gound waves propagating perpendicular and parallel to the
DWs have the same sign, and the DWs move in the SaMGjane of the DW.

direction, i.e., motion of the domain structure occurs. In the field of a sound wave propagating in the plane of

the DW the drift effect is negligible. The greatest effect on a
SOUND WAVE PROPAGATING PERPENDICULAR TO THE DW of theab type should be expected in the field of a sound
PLANE OF THE DW wave propagating perpendicular to the plane of the DW. The

Let us consider the equations of motié#), (5) in the ~ Maximum drift velocity in such a sound wave is attained in
case of a sound wave propagating perpendicular to the plarfB® Simultaneous presence of a longitudinal compongpt
of the DW: u=ugexdi(k,y— wt)]. For simplicity we consider and a transverse componeuy, of the f_|eld: The simulta-
the case when there is rocomponent of the sound field, N€OUS presence of transverse and longitudinal components of
Uo=1Uo(1,1,0). We introduce the collective coordinate of thethe sound wave is also necessary for the drift of a domain
center of the DWY(t), which here, unlike the case consid- Structure containing DWs of theb type.

ered above, is independentrof. In the first order of pertur- From the expressions for the drift velocity of DWs of the
bation theory the sound wave excites spin waves and caus@® andac types,” it is seen that in a sound wave propagat-
oscillatory motion of the DW with a velocity ing perpendicular to the plane of the DWs the drift velocity
of the DWs is determined by those components of the sound
ipkyo)®moi | Rpug, Uoy | ieyeint wave which lie in the plane of rotation of the antiferromag-
1= 2B () 7Ky, + 7Ky, € ' netic vectorl_, i.e.,Ugy andug, in a DW of theac type and
225 ch—— sh Ugy andug, in a DW of theab type.
> y
(11)

wherek=k, . .

From this relation one can determine the amplitude of EMall vme@dgasa.dn.ua

the displacementy=Re(V,/w), which is equal to 10° cm

for YFeQ; at a frequencyw~1CP s . The oscillations of

the DW, like the spin waves, are excited by both the trans-
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The results of a study of the structural and magnetic properties of single-crystal samples of the
diluted magnetic semiconductor Hg Cr,Se with different concentrations of chromium

ions (0<x=0.07) in the temperature interval 50—300 K are reported. It is found that the boundary
of the existence region of the homogeneous solid solution lies at chromium concentrations
x<0.05. In samples wittkx=0.05 the sharp growth of the magnetic susceptibility in the

region of the phase transition temperature is due not only to a transition to a phase similar to a
spin-glass phase, which is observed in all the samples studied, but also to a ferromagnetic
contribution from ferromagnetic inclusions of HgSe, and CrSe in those samples. @02
American Institute of Physics[DOI: 10.1063/1.1531391

Diluted magnetic semiconductorDMSs), such as tionate to the change in the chromium concentration, was
[I-VI compounds containing controlled amounts of substitu-observed. Here the value gfat the transition temperature
ent magnetic ions, are currently the subject of intensive rewas approximately an order of magnitude higher than those
search. The most characteristic feature of DMSs is a largéor the samples withx<0.05, and the susceptibility re-
spin splitting of the spectrum of free carriers in a magneticmained larger all the way down to 50 K. This behavior of the
field as a result of the strong spin-dependent interaction ofnagnetic susceptibility is apparently related to an increase of
the band carriers with the localized spins of the magneti¢he chromium concentration in the initial HgSe lattice above
ions. The search for new DMSs with large spin splittingsx=0.05, which leads to a substantial change in the magnetic
takes both the path of increasing the concentration of mag-
netic ions and the path of achieving large exchange con-
stants. In the last few years a new gapless DMS containing
chromium rather than the traditional Mn, Co, or Fe as the
magnetic ion in the diamagnetic matrix has been attracting
attention. A number of new physical effects observédn 12.0
Hg; _Cr,Se distinguish this system from the other DMSs x=0,07
known previously. F

Our more recent experimental studies of electron spin

resonance and magnetic susceptibility in samples of the 1.4
DMS Hg; _,Cr,Se with different chromium concentrations ¥
in the interval 0.0011€ x<0.07 in the temperature range 1.8+ 0,05 1

50-300 K have revealed a transition of this system to a
phase similar to a spin-glass phdsghe transition is accom-
panied by an asymmetric lattice distortion due to the defor-
mation of the crystal as a result of the change in temperature.
Both the temperature at which the change in lattice symme-
try occurs and the phase transition temperaflyeéncrease
with increasing chromium concentration In particular, the
curves of the temperature dependence of the magnetic sus- 0.6F
ceptibility y measured by an inductive methodxhibit a
pronounced maximum dt=T, (Fig. 1). The character of the
change iny(T) was the same at the four chromium concen-
trationsx=0.01, 0.03, 0.05, and 0.07, although the tempera- 0 ‘ ‘ : :

ture Ty at which the susceptibility reached its maximum 40 60 80 100 120 140
value and the values of at T<Tgy were different for the T, K

different x. Nevertheless, for the sample with=0.07 an  FiG. 1. Temperature dependence of the magnetic susceptibility for
inexplicable(at that timg sharp growth ofy(T), dispropor-  Hg,_,Cr,Se samples with different chromium concentratian@ef. 3.

"

1.2F

%, 103 cmd/g

()
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properties of the system. In view of this circumstance and the F

L . = H Cr. .Se
known fact that chromium is less soluble in HgSe than are - g 90.97"0.03
manganese and iron, for example, and also the fact that in- L g S a
terstitial chromium atoms can create local inhomogeneities 2 o o § 58 0§ ¢
in the _crysFaI, it is of great interest to study the solubility of 5 __JJ X p Y ¥ w
chromium in HgSe and the dependence of the structural and % F t ' ' '

magnetic properties of Hg,Cr,Se onx, particularly since - Hg, ¢sCry g5Se +HYCr, Se
no data on the state diagram of this system have been pub-
lished before.

1
642

l:f_) 1 A A Y N
30 40 50 60 70 80 90
20, deg

Mzz0

EXPERIMENT 2

Single-crystal samples of Hg,Cr,Se were grown by a
modified Bridgman method at a temperature gradient in thé&!G. 2. Powder diffractograms of a homogeneous sample g} o3Se
region of the crystallization front of around 2.5—3.0 K/mm (@ and a sample of Hg,Croos5e containing inclusionb).
and a rate of crystallization of 1.2 mm/h. The chromium

concentration in the samples was varied over the rangﬁounds of Hg, Cr, and Se. The main part of the santiple

0<x=<0.07. _ _ bright field is an Hg _,Cr,Se solid solution.
Structural studies of the samples were done on a Hitachi ™ addition, x-ray structural studies by the powder dif-

4100-S scanning electron microsco@&EM) in both the sec-  ¢raction technique were carried out on the two types of
ondgry and. scattered modes and on a _Ph'l'p_s 515 SE!\4ompounds—with and without inclusions. The results of
equipped with a system for x-ray energy dispersion analysig oy giffractometric studies for Hg Cr,Se samples with

(EDAX). Additional structural studies were carried out on, _ 4 93 and 0.05 are presented in Fig. 2. The diffractogram

Hg,-,CrSe powders (6:x<0.07) with a Siefert XRD- 5 the Hg o Cr, Se sample(Fig. 2a has clearly visible
3000TT biaxial x-ray diffractometer by a powder diffraction ne4s corresponding to the cubic lattice of the original HgSe

technique. _ o with a slight deviation of the lattice parameter. These peaks
~Measurements of the magnetic susceptibility were madg e e jgentified and indexed as shown in the diffractogram.
in the temperature region 50-300 K by an inductive methodk, comparison, in Fig. 2b we show the diffractogram of the

on an app_aratus congisting of a modified diffgrential magneHgo_gﬁro,og)Se sample, which exhibits peaks due to the pres-
tometer with modulation by a low-frequency fieldhe fre- ence of a new phase. The identification of these peaks indi-

quency of the alternating magnetic field inducing the emf in ;g the presence of the compound Hg&. Other

the measuring coils of the device was chosen so as to red“f)?]ases, such as CrSe, were not observed in this x-ray diffrac-
dynamic effects to a minimum while providing sufficient sig- jon, study for either sample. As a result, the combined analy-
nal for the measurements. The frequency was 233 Hz at afjq y the electron microscope and x-ray diffraction methods
amplitude of the modulating field of 1 Oe. For the magneticgp,,\vaq that the inclusions present inHgCr,Se samples

susceptibility measurements the samples were made in t%th x=0.05 are made up of CrSe surrounded by regions of

form of circular cylinders 10 mm in height and 1 mm in HgCr,Se,, while the main part of the sample remains un-
diameter. The axis of the cylinder coincided with the fourfold changed.

crystalline axis along which the Hg,Cr,Se samples were In addition, the powder diffractograms obtained can be

grown. The system of modulation anq.r'neasureme'nt CC_’"%sed to calculate the crystal lattice parameters a function
made it possible to study the susceptibility along this axis ¢ the chromium concentration (Fig. 3. As is seen in the

The sensitivity of the apparatus was sufficient for measuringigure, a decreases linearly with increasing chromium con-

the diff;erential magnetic susceptibility to an accuracy Ofentration up to 5%, i.e., Vegard's law for a three-component
2x10°° cnr/g. crystal lattice is obeyed in this concentration region. For
x>0.05 the lattice parameter starts to increase.

RESULTS AND DISCUSSION

To determine the miscibility coefficient of chromium in 6.0855
the initial HgSe lattice we did electron-microscope and struc-
tural studies of Hg ,Cr,Se single crystals and powders with
0=x=0.07. The structural characteristic obtained as a result 6.0845
of the EDAX showed that for solid solutions with<<0.05 < { {

T
—o—

the samples were stoichiometrically single-phase crystals, @

but when the chromium concentration was increased above 6.0835
5% the excessgsuperstoichiometricHg, Cr, and Se atoms %
form macroscopic inclusions. These needle-shaped inclu- 6.0825 | { |
sions appeared as innédark and outer(gray) regions 0 0.02 0.04 0.06 0.08
against a bright field. The EDAX analysis of the chromium X

concentration showed that the inner region of the inclusiongg. 3. pependence of the lattice constarin the chromium concentration
consists of CrSe, while the adjacent regions contain comx in Hg, ,Cr,Se.

-
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100 as a sum of the contributiop’ from the homogeneous solid
4106 solution (the quantity obtained as the result of an extrapola-
80 - tion of the linear dependence, illustrated by the dashed line
« 4102 in Fig. 4) and the contributiory” of the ferromagnetic inclu-
g 60r « sions. Then the contribution of the ferromagnetic inclusions
N {98 . is calculated ag"= xr,—x'=9.72< 102 ecm?/g, which is
;; 40 | - 5 times larger than the contributiop due to the magnetic
194 phase transition.
20 The fact that 5% chromium is a critical concentration for
490 the Hg _Cr,Se solid solutions under study is confirmed by
oL L L L a change in the linear dependence of the transition tempera-
0.01 0.03 005 007 ture T, onx (curve2in Fig. 4). The observed increase of the

temperature of the transition to the spin-glass phase when an

FIG. 4. Relative value of the magnetic susceptibijty /x.40« (1) and the  additional fraction of the mercury ions is substituted by chro-
phqse transition temperatufig (2) as functions of the chromium concen- mjum ions is disproportionate to the rise of the susceptibility.
trationx. This is also consistent with attributing the growth of the
magnetic susceptibility for samples with>0.05 to the pres-

ce of ferromagnetic inclusions of HgSke, and CrSe.
ﬁ]oreover, needle-shaped inclusions in;HgCr,Se crystals
with x>0.05 have been linked to anomalies in the tempera-

which the chromium dissolves in the initial HgSe Iatticet q d ¢ th ¢ it hich b
without the formation of inclusions. When the percent chro- ure dependence of e magneloresistance which were ob-
erved in recent studies on these same sariplés pres-

mium content increases above that value, other phases ag-

pear, mainly forming inclusions of CrSe and HgSe,, and | nce ct>f su\c/:vr':hlncflltjslons n s?mplgsi tho'.?r? cause(:_ tr}? Id
the homogeneity of the samples is broken. Let us comparéarges gro ot the magnetoresistance with magnetic Tield,

the results obtained from the structural analysis with the datgttehs;[ngat:ean increase of the mobility of the charge carriers

) oot
on the temperature dependence of the magnetic susceptibilit . )
P P 9 P 9 Thus we have established on the basis of structural and

for Hg, _Cr,Se samples (&x=<0.07). The maximum val- . . . .

ues of Xxmexasured at the temperatufg of the magnetic magnetic studies of ngCrXS_e tha_t the eX|sten_ce region of
phase transition for the samples with different chromium::;igiriogggeoxznssh% fglitc')ogg lltﬁirf Cahr:gormgms?g:;egftra_
con_centratior_ls are divid_e_d_ _by the valueoat 140 K W here HgCrSe énd' CrSe which/héve a substantial effect on the
their magnetic susceptibilities are the same, within the ex- 2 nzetic and ma r;etotrans ort characteristics of the mate-
perimental error, and we construct the dependence of the! IgH 9 : hp h of th | d
relative value of the magnetic susceptibilipr /x140k ON rial. MOWever, progress in the gro_wt ° t. ese crystals an
he chromi ion in th lid sol 9 Fi improvement of their characteristics will involve not only
the chromium concentrgtlon In t € solid so utiere Fig. 4. reducing the concentration of inclusions and defects but also
We note that extrapolation of the linear dependence observe[ king advantage of them in basic research and applications.
for the first three samples to the region of higher chromium The authors express their deep gratitude to V. Munnoz

concentratiorithe dashed Iing in Fig')@?ve.s a considerably and C. Reig Departament de Aplicada and Institut de Cien-
onver value of the magnetic susceptlblllty for the samplecia de Materials, Universitate de Valencia, Edifici
with x=0.07 as compared to experiment. Consequently, thﬁ’lnvestigacio, ¢/Dr. Moliner, 50, E46100 Burjas<Spain ]

jump Of. the -magnetic susceptlp!hty n sample_s _W'th for collaboration and invaluable assistance in making the
x=0.05 is due not only to the transition to a phase similar tg

a spin-glass phaséhis transition is observed in all the structural measurements on our samples.
samples studiedbut also to ferromagnetism arising on ac-

count of the presence of CrSe and Hg&®, inclusions in  *E-mail: prohorov@pr.fti.ac.donetsk.ua

these samples. Indeed, it is kndWihat the chalcogenide

spinel HgCySe, at temperatures down to 4.2 K is a ferro-

magnet with a Curie temperatUT%: 106 K. The proximity 1V. D. ProzorovskKi, I. Yu. Reshidova, S. Yu. Paranchich, and Yu. S. Paran-

of T¢ to the temperature of the phase transition to the Spin- chich, Fiz. Tverd. TeldLeningrad 34, 882(1992 [Sov. Phys. Solid State
glass phase, which i,=103 K for the sample with 34 472(1992].

x=0.07, should be noted. Thus it is clear that the observa-2V. D. Prozorovski, I. Yu. Reshidova, and S. Yu. Paranchich, Ukr. Fiz. Zh.
; ; D 40, 1005(1995.

thn of hlgh values of the suscqpt|b|I|ty in the the sample 3V. D. Prozorovski, I. Yu. Reshidova, A. |. Puzynya, and Yu. S. Paran-
with x=0.07 as the temperature is lowered fragito 50 K chich, Fiz. Nizk. Temp.21, 1057 (1995 [Low Temp. Phys.21, 813

is explained by the ferromagnetic contribution of Hg&a, (1995].

to x. Furthermore, there is also a contributiontrom CrSe ~ “P- K. Ba'(tzefvap- J. Wojtowicz, M. Robbins, and E. Lopatin, Phys. Rev.
: : . : _ 5 151, 367 (1966.

inclusions, which, by analon with QrTéI’&—SSS K)’ ar_e 5S. ChikazumiPhysics of FerromagntisfiRussian translatignMir, Mos-
apparently also ferromagnetic. Starting from the experimen- o (1983 [English translation of 2nd ed.: Oxford University Press
tal data shown in Figs. 1 and (¢urve 1), we can obtain a 6(1997)]. N _
numerical estimate of this ferromagnetic contribution of the g- I' Sf’;‘(‘,’t?hu's‘v P. '-ANt'k't;”r S@Iuﬁza?gghym' M. D. Andriychuk, and
HgCr,Se, and CrSe inclusions at the magnetic phase transi- > - Nikitin Sens. Actuators A1, 173(2001.

tion pointT4. The experimental value QjTg can be written  Translated by Steve Torstveit

Thus the present studies have established a region
chromium concentrations in the solid solutid@elow 5% in
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INTRODUCTION

l//qr:MZ+l CM{|M§>; |Ca?+|C_4|?=1, (1)
The study of magnets having large single-ion anisotropy &
has attracted and continues to attract significant interest. Thighere|M,) are the eigenfunctions of the opera®f, and
is because the quasi-classical methods developed for slightly,, is the quantum-mechanical weight of the functj®,)
anisotropic magnets and based on the phenomenologicg fl,qr_ In accordance wit(1) the (quantum-mechanickl

theory of magnetism are inapplicable in this cade.par-  mean magnetization of the ion is determined by the relation
ticular, in highly anisotropic magnetic crystals in which the

anisotropy is of a single-ion character, the value of the one-  (Wq/|S{¥ ¢ )=5=|C1|>—|C_4|*. 2
site magnetization is formed not only by the exchange fieldfrom which it follows thats#0 when|C,|2%|C_4J2. This

but also to a copsiderable degr_ee by the crystaliine _field, _thgase corresponds to a magnetic state in which the mean spin
constants of which also determine the value of the smgle—mreand hence, the mean magnetizationthe ground state can
anisotropy. If the single?ion anisotropy is of the easy—planediﬁer' substa,mtially from the “nominal” valueS=1. If the
(and not of the easy-ajisype or has a more general char- o hapjities of realizing the statés 1) happen to be equal,
acter(biaxial, cubic, etg.and is large enough, then a system thens=0, and the ground state of the system will be non-
ponsisting of paramagnetic ions with integ@car_l be fouqd magnetic. As we see, the ground-state wave fundtidrad-
in a nonmagnetidsingley state. However, the introduction s the possibility of transformation of the nonmagnetic
of a magnetic field, which acts on the spin sublevels of anyiate into a magnetic state.
ion in general and of a crystal in particular, can bring abouta  \ye note that the probabilistic definition of the mean spin
transition from an initial nonmagnetic state of the crystal to &, () differs little from the usual definition of the thermody-
magnetic state, and the field dependence of the modulus gfamic mean value, which is written as a sum of the observ-
the mean one-sitéand crystal magnetization gives an ap- aple products of microscopic values times the probabilities
preciable contribution to the susceptibility of the crystal as & their realization(occupation of the statgsThis similarity
whole, which is reflected in its static and resonaridg- s of a provisional character, since, generally speaking, dif-
namig properties. ferent calculation procedures are intended. In view of the fact
In this paper we attempt to show that anisotropic “non-that in highly anisotropic systems admitting the existence of
classical” magnets in the region of the external-magnetica nonmagnetic state and its transformation to a magnetic
field-induced transition from a nonmagnetic to a magneticstate under the influence of an external magnetic field, there
state can be described by a potential analogous to the Land@la region of parameters in which the magnetization is small,
potential that is well known in application to the description as in the case of thermodynamic transitions, it seems ger-
of temperature-induced phase transitions from the paramagnane to find out whether the method of the general theory of
netic to a magnetic state. Without restricting the generalityphase transitions is applicable to such systems.
we consider the extremely simple case of a uniaxial ferro- In the aforementioned case of an easy-plane system the
magnet with ion spir5=1 and with anisotropy of an easy- difference(2) depends on the ratio of the single-ion anisot-
plane character. ropy constant to the exchange constant. The influence of
As we know! in that case the normalized ground-statethese constants is opposite in charaétenile the exchange
wave function in the local coordinate systeémy, ¢, where{  “restores” the value of the spin projection, tending to make
is chosen as the quantization axis, has the form it equal to the initial valueS=1, the anisotropy decreases

1063-777X/2002/28(12)/6/$22.00 883 © 2002 American Institute of Physics
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this projection to zero. From this we infer a certain formalequal to 6, while the ¢ axis lies in the Z plane, then in
but physically justified assumption that the effect of single-accordance wit1) the wave function of each ion will be
ion anisotropy is similar to the disordering effect of given by the simple linear combinatidn

temperature—in both situations there is a limiting value )

s=0, at which the system becomes nonmagnetic. And, al- Wqr=cose|1) +sine|—1), (5)

though the single-ion anisotropy constant, which is a charaGynere the anglep (see below is determined from the con-
teristic of the particular substance, is essentially unchangingyition that the ground-state energy be minimum.

the macroscopic state of the system can be altered by apply- | is easily shown by a direct calculation using the ex-

ing an external magnetic field. In this way the correspondingpncit form of the function(5) that the spin projections and

phase transitions can be observed experimentally even giq spin quadrupole moment have the following nonzero
T=0K (actually forT<T,,, whereT, is the Curie or Nel components in the local coordinate frame:

temperature A magnetic field, as we shall see, can affect
CM; [see Eq(1)], makings finite, so that for smals one can

expand the ground-state energy of the magnet in a series, as
is done in the Landau theory of phase transitidiere, of
course, the order parametersis

It should be kept in mind that the effect of an external
magnetic field will depend on its orientation, and for this } i
reason the two different field directions—parallel and per-Using them, we can write the energ) in the form
pendicular to the hard axis, which is the initial axis of 1 Sirt 0
symmetry—uwill be considered separately. The spin configu- Eqr=— EJZCOSZ 2¢+D|cog 0+ T(1+sin 2¢)
rations of such a ferromagnet were considered in Refs. 4 and
5 (see also Ref.)land, with allowance for biquadratic ex- —(h,cosf+h, sing)cos 2, 7
change, in Refs. 6—8. In those papers the calculations were
done with the use of a self-consistency procedungyich, where the vectoh is decomposed ab=h;+h, , where
however, does not permit determination of the stability of thehyllZ andh, 1 Z.
phases. For those purposes, as in the quasi-classical ap- It was pointed out above that the spin configurati@ins
proach, one uses expressions for the ground-state energgntrast to the self-consistency procedures proposed in Ref.
which are obtained quantum-mechanically and, as will b (see also Ref.)land used, e.g., in Refs. 5)-8re more
shown, have the form of a Landau potential for an exchanggonveniently found in the usual way by minimizing expres-
ferromagnet in a magnetic field. sion (7) with respect to the unknown “geometric” angle and

unknown “mixing” angle ¢ of the stateg;as a result, we
arrive at the equations

1
s=cos2p; Q%=1; Q§§=§(1+sin 2¢);

Q””=%(1—sin22<p). (6)

MODEL Jzsin4¢+D sirf 6.cos 2p+ 2
Let us first restrict consideration to the bilinear exchange X (h,cosf+h, sinf)sin2¢=0,
interaction, the single-ion anisotropy, and the Zeeman term. _ _ .
In this case the Hamiltonian of the ferromagnet has the stan- — D Sin26(1—sin2¢)+2(h; sin¢—h, cosd)
dard form(in the crystallographic coordinate system X oS 2p=0. ®)
J F bitrary direction of the field or, equivalently, ar-
H=— > ) +D z2_ ’ or an arbitrary , €q v,
ZnEp S Shep ; (Sh) ; S @ bitrary h; and h, , the system of equation&) cannot be

solved analytically. However, it can be stated unequivocally
where J>0 is the exchange interaction between nearestiat the value of the mean spinat an arbitrary orientation
neighbor sping1 andn+p, D>0 is the easy-plane anisot- eycept for strictly longitudinal along the hard axis of the
ropy constant, and the magnetic field vedwois defined in  ¢rystal, hiz, is always nonzerdthe Van Vieck mechanism
energy unitsh=uggH (ug is the Bohr magneton, arglis  of magnetization

(1), we write the ground-state energy per Sfif, , as s=0, which is realized fob>2Jz, and a magnetic state for
1 D <2Jz, which corresponds to a value
Eq=—5JzS+DQ—hs, 4
ar= 5728 +DQ @ so=+1—(D/2]2)%. (9)

wherez is the number of nearest neighbossis the mean It is seen thasy<1, and a values=1 is reached only when
spin vector defined in Eq(2), and Q is the quantum- D=0. A small value of the single-ion anisotropy leads only
mechanical mean of the squares of th@rojections of the to second-order corrections with respect to the quantity
spin operators , which is easily related to the components db/2Jz.Y
the quadrupole spin momeht. Let us consider separately the casesZ, when the

If we transform to the local axes in such a way that thefield is oriented in the easy plane, ahiidZ, when the field is
angle between the spin quantization akiand theZ axis is  oriented along the hard axis.
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TRANSVERSE FIELD Using(11), one can easily calculate the magnetic suscep-

. . tibility for h, —0:
We find from systen{8) that #= =/2 or, in other words,

the quantum-mechanical mean value of the spin is formed _0S ho o= 2

and lies in the easy plane along the direction. Here, ac- XL L= gn |07 3 15_ ,
cording to (6), the quantity which we seek has the value D—2Jz+5Ds%(0)+ 5 Ds'(0)
S=C0Ss 2p; assuming that it is small, we write the ground- (14)
state energy?7) for this orientation of the field as an expan-

In expression(14) the quantitys(0) in the denominator

sion ins: ) .
denotes the mean value of the spin for the dase 0, which
E o 1 D 23782 D D _h 10 is either equal to zero or to the expressior(9n depending
qr—Z( —2J7)s+ _GS + 3_2S LS. (20 5 the ratio of the constan® andJz In particular, when
o , ) D>2Jz, the susceptibility
Minimizing (10) with respect tos, we obtain the equa-
tion of state 2
XL 1TD 237 9
D 3D B
_(D 2Jz7)s+ —s *t16° °~h,=0. (1D s the Van Vieck susceptibility, and as a result of the singlet

. ) ) nature of the ground state it is independent of the external
If h, =0, we obtain from(11) the solutions described above: field g P

s=0 for D=2Jz, andsy=+/2(2Jz/D—1) under the oppo-
site inequality. The second solution is just soluti@ under
the condition 22/D—-1—0.

It can already be seen frof0) that the type of solution LONGITUDINAL FIELD
is determined by the sign of the coefficient of sfeterm in
(10), which changes at the poifd =2Jz where the phase
transition would occutsee the monograpland the literature

This case is more unusual. In fact, from the second equa-
tion of system(8) we obtain an expression for the angte

cited therein if the value ofD could be varied. h, cos 2p

For comparison we give the expression for the Landau ~ C0S0= D(1-sin2¢)" (16)
potential describing an isotropic ferromagnet wih 1 in an ] ] )
external magnetic field at a finite temperatiirg 0. The free Then it follows from(16) and the first equation of sys-

energy of such a ferromagnetfis= E—TS,,, whereE is the €M (8) that for field valueshy=D a state characterized by
internal energy an,, is the entropy, which in the mean- €0S6=1 is realized. Here the projection of the mean spin on
field method is of a configurational nature and depends onijhe external field direction is equal to the limiting value, i.e.,
on the order parameter. The nonequilibrium free energy of=C0S 2p=1.

this ferromagnet can be written'8s Substituting(16) into (7), we write an expression for the
ground-state energy in fields less than the single-ion anisot-
F(s)=—%stz+T ropy, i.e.,hy<D:
1 1 h?
s+\4—3s2  1+.4-3s? Bqr=—5Jz8+ 3 D__ (1-V1-s. 17
X\ sln +In Vi —hs,
2(1-9) 1-s

By minimizing (17), we obtain the same two solutions: a
(12 singlet state witls=0, and a magnetic state in whrch

wheres is the thermodynamic mean value of the spin, the 1 ——
direction of which in the case of an exchange ferromagnetis  S=53,p 515 V(2JzD)?—(D2-hf)2. (18
always alonch. Expanding(12) in a series irs, we write the
Landau potential as These solutions transform into each other in a field

3 2 32 32.17_ . hop=D(D—2J2). (19

F(s)=4|T-3Jz %+ 55 Ts*+ o= Ts°—hs. (13 _ _
3 2 275 The value ofE,, for the solution(18) has the simple form

The coefficients in13) due to the entropy are positive and (hf—hz 0)2
proportional toT. Comparing expressior(¢3) and(10), we Eq=— “8ID% (20)

see that foiT =0 the single-ion anisotrop formally plays

the same role a§. Moreover, the valu® =2Jz divides the  from which we see that it goes to zero at the pomt
magnetic states in the same way as does the Curie temperahqgp, Where the energies of the magnetic and nonmagnetic
ture Tc=2Jz/3—a magnetically ordered phase fokTc  ground states turn out to be equal. It follows from this that
and a paramagnetic phase fbrT.. In view of the simi- the transition from a singldnonpolaj to a magneti¢polarn
larity found, one can say that f@>2Jz the magnetization state occurs continuously. In the regibp>hqp the energy

of a highly anisotropic ferromagnet in an applied magneticof the latter is negative and less than the energy of the singlet
field is similar to the magnetization of an isotropic ferromag-state.

net forT>T¢, and, in the opposite case, the magnetization  The projection of the spin on the directitmiZ can be

for D<2Jz is analogous to the cage<T.. found by differentiating expressiof20):
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hu(hf—hqu) and is not an observable quantity, since it specifies a “rota-
SHZW- (21)  tion” of the eigenfunctions of the spin operatst in Hilbert
space.

The value of this projection increases continuously with in-  Using (16) and (25), we can determine the spin projec-
creasingh,, and its derivative, i.e., the magnetic susceptibil-tion on the hard axis and on the plane whgp>hgp (but
ity, does not go to zero anywhere. The latter statement mearfy<D):

that no transformations occur in the system at fields up to h2
h,=D, and the canted phase occupies a finite field region SHZZ_QQE(hH_hQP); (26)
hgop<h;<D. One can see this from an analysis of the en- D
ergy (20). Jhos h3
The stability of solution(18) is ensured by a negative s, =2 DQP 1— %(h”—th) Jh—hop. (27)

sign of the exchange contribution to the ene(dy). In the
absence of an exchange interaction the canted phase does not Thus in a fieldh,> hqp the initially nonmagnetic system
arise in a longitudinal field. In that case there will occur aindeed is found in a canted ferromagnetic phase, in which
jumplike transition of the system from the nonmagnetic to anot only the diagonal but also the off-diagonal components
magnetic state with the maximum valik;=1 of the spin  of the magnetic susceptibility tensog, ,=ds,/dh, and
projection on theZ axis. X, =ds, /oh,, are nonzero. These components, which are

Let us consider an anisotropic ferromagnetic systenyero in the nonmagnetic state, are written in the canted phase
placed in a longitudinal field in the framework of the phe- g5

nomenological theory, expanding the ene(dy) in a series

in s, which is assumed small: :2h2Qp_ _Vhee 1 28
. . hf . hf X, D3 XL, D ,—hH_hQP
_ 2
Eqr_i( —Jz+ 2 D- D + 16 D- 5) ¥ (because of its small effect gp , we drop the contribution
) from the second term on the right-hand sidg2¥)).
1 D hir| & 29 We see that the longitudin&hlong the field component
- 32\ D S~ (22) X1 of the susceptibility tensor is constant and does not de-

pend on the value of the magnetic field. Its value is inversely

This expression, in contrast {@0), does not contain a term proportional to the third power dd and will be appreciable
of first degree ins. The absence of such a term means thabmy for a |arge value thp_ The transverse component,
the action of a magnetic field in this orientation is of a criti- however, goes to |nf|n|ty at the point of the magnetic phase
cal character. Here it counteracts the effecDofso that all  transition, as at a phase transition from a paramagnetic to an
of the expansion coefficients i22) decrease foh,# 0. ordered state. This, in turn, means that the crucial element

Let us analyze in more detail the cd3e-2Jz, whenthe  for this phase transition is the spontaneous onset of a spin
initial state prior to the turning on of the field is the singlet projection oriented in the easy plane perpendicular to the
state. Then we find froni22) that in a fieldh;=hqp the  field. We also note that these features of the magnetization
coefficient of thes® term becomes equal to zero, and atunder the influence of a magnetic field, which were obtained
higher values oh, it is negative. The other coefficients do from an analysis of the energ®?2), remain present in the
not change sign. In complete correspondence with the Lanexact solution, although their analysis is not as obvious.
dau theory of phase transitions, a field-induced second-order For D<2Jz the solution withs=0 is unstable, and for
transition from the singlet to the magnetic state occurs at thig|| values of the external field belonging to the interval

point. If we assume tha<<1, then we have the approximate h” e [O,D] 0n|y the usual canted phase with a Spin value
relation

hf
h D s=So| 1+ 5= (29
QP
Eqr=5p (Nop—N)s?+ 748" 23 Do
is realized. For this solution the components of the magnetic
which gives the equation of state susceptibility tensor have the values
2
h D So 2h,
QP —_ . —

?(th— h,)s+ ZSSZO. (24 Xi=5p XL,\I_DZS(Z)' (30)

We see from(24) that the solutiors=0 is realized for fields e see that foD<2Jz the longitudinal component of the
hi<hgp, while in higher fields susceptibility tensoy , is constant; here its value is consid-

erably greater than that given {88). The off-diagonal com-
2\hop ponent of the susceptibility tens(80) is proportional to the
s= TQ vhy—hqp. (29 value of the field and goes to zero flor— 0. This means that
when the magnetic field field is first applied the main factor
The same critical dependence was obtained in Ref. 8 oin the magnetization is the rotation rather than the change in
the basis of a solution of the self-consistency equationsmagnitude ofs, notwithstanding the fact thagy<<1 under
However, Ref. 8 made use of an expansion of the wave fundghe proposed conditiond(~2Jz). The change of the mag-
tion (6) in the parametep, which is not the order parameter nitude of the mean spin under the influence of the field will
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become significant when when the components of the sudeur-spin interaction parameter the phase transition from the
ceptibility tenson(30) become comparable. This will occur in nonmagnetic to the canted phase will occur as a first-order

fields h,~(2Jz—D)?/D. transition.
INFLUENCE OF NON-HEISENBERG ISOTROPIC CONCLUSION
INTERACTIONS The foregoing calculations lead to the rather unexpected

We restrict discussion to non-Heisenberg isotropic inter_conclusion that the description of phase transitions in mag-

actions of fourth degree in the spin, the Hamiltonian ofN€tic fields in highly anisotropic magnets, which at the
which has the form present time cannot be considered few in nunsee, e.g.,

Refs. 12 and 13 can be carried out in complete correspon-

r_ 2 dence with the Landau phenomenological theory of phase
" —HHE,p (Sh-Shp) +An,2p,v (SoShi ) (Sorv Shep) transitions. Here, as we have sdigke also Ref. 12 the

anisotropy plays the role of a “disordering” factor, while the
+P E (Sv-Snt p)(Sns v St ), (3 exchf_mg_e and exterr_lal magnetic f_ield are orderi_ng factors. In

np,v,7 the vicinity of transitions from a singlet state with no mag-
where the parameteis, A, andP refer to the two-spir(bi- n_etization toa state_ with nonzero magnetization, the expan-
quadratig, three-spin, and four-spin interactions, respec-S1on Of the energy in the order parameter has a form com-
tively. pletely analogogs to the !_gndau potenyal, so that the order Qf
the corresponding transition can easily be established. It is

The non-Heisenberg interactioi(31) are isotropic and | X > ) )
do not depend on the orientation of the coordinate systerﬂmportam that in the proposed description with with both the

Their contribution to the ground-state eneigy in the local dr:polar apq qpa(jlrupolar Spin averageshifalfenhlnto accoun';,
coordinate system may be written*hs this transition is always second-order, while in the absence o

self-consistency the transition can be first-ordef The ap-
proach developed here also makes it possible to take into
account in a trivial manner the non-Heisenberg isotropic in-
"2 62 4 teractions of fourth degree in the spin. A generalization of the
+HQRTNTH(Q¥)T]+Ps™. (32) proposed treatment to the case of half-integer spins, aniso-
Generally speaking, the interaction parameter@ should  tropic antiferromagnets, and finite temperatures will be done
be multiplied by the number of scalar products formed byseparately.
nearest neighbors. The corresponding renormalization is not We thank Prof. S. M. Ryabchenko for a critical discus-
included in(31), since all of the non-Heisenberg interactions sion of the results and, in particular, for noting that along

1
Eqr="— Ens2+A32Q4€+H[(Q“)2

in it are described by phenomenological parameters. with the similarity mentioned between temperature- and
Taking (6) into account, we write expressi@B2) in the  field-induced (in highly anisotropic magnelstransitions,
form there is also an important difference: whereas the first are
. 2 4 transitions of the order—disorder type, the second are order—
Eqr=(A-IDs™+Ps™. (33 order transitions, i.e., analogous to transitions of the displa-

Taking the energy33) into account will lead to a change Ccive type.
in the expression for the expansion of the ground-state en- This study was performed as part of two projects sup-
ergy. Thus the expansion 810f the ground-state energy in a ported by the Foundation for Basic Research of Ukraine
longitudinal field (22) with the non-Heisenberg interactions (Grants 02.07/0114 and 04.07/0114
included will become

2 *E-mail: vloktev@Dbitp.kiev.ua

E. —|— EJZ-FA— I+ E D— m 24 i YWe note that the classical theory contains only the spatial angles, and the
qr 2 4 D 16 number of equations is accordingly smaller.
ey , 1 ht\
X|D+P——|s*+—|D——|sb G4 ii. Fiz. Ni
D 32 D V. M. Loktev and V. S. Ostrovskii, Fiz. Nizk. Temg0, 983(1994 [Low

. . Temp. Phys20, 775(1994].
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A study is made of the angular, frequency—field, and temperature dependences of the magnetic
resonance of the quasi-one-dimensional Ising mapf@iti;) sNH]CoCk- 2H,0 in the

paramagnetic phase. The experimental results obtained are explained in a model of spin-cluster
resonance in a strongly exchange-coupled spin chain. The frequency—field dependences

of the ferromagnetic resonance spectrum measured below thletéieperature are studied for
magnetic-field directions along the crystallographic aaels, andc. It is shown that for

H—0 the spin-wave spectrum of this quasiferromagnet has two gaps40.1 GHz and

v,=52.5 GHz). ©2002 American Institute of Physic§DOI: 10.1063/1.1531393

INTRODUCTION therefore be a model for cobalt-containing low-dimensional
Int tin the d . d stati . £ compounds. Information obtained from resonance studies on
nterest n the dynamic and Static properties ot 1ow-,q yajye of they factors and the identification of effects due

d|mep5|onal multisublattice magqeﬂc systems has beefb the low dimensionality and multisublattice nature of the
growing for several decades. This is partly due to the appli-

: . . . . magnetic structure are useful for developing model concepts
cz_atlon_ of multlsub_latthe matena(se.g.,_ hexaferrites and yt- of the behavior of complex magnetic systems.
trium iron garnetsin microwave technique and to the search
for analogs of exactly solvable one-dimensional magnetic
e SN XEMENTAL TECHNOUE AND THE PROPERTIE

: THE MAGNETIC SUBSYSTEMS OF THE

ence of spin cIl_Jsters or magnon bound st_ates. AI_though _thRCH3)3NH]CoCI3~2H20 CRYSTAL
presence of spin clusters should be manifested in all Ising
systems, they have been detected experimentally only in a Single crystals were grown by the method of slow
limited number of compounds. evaporation from an equimolecular solution of (§ENHCI

In recent years new compounds have been obtainednd CoCj}-6H,0 at a temperature of 75°C. Crystals of a
which have properties close to those of one-dimensional andark blue color with linear dimensions around 5 mm and
two-dimensional systems. Promising quasi-one-dimensionadith distinct faceting were obtained. X-ray measurements
multisublattice systems include the family of crystals showed that the symmetry of the crystal lattice of this com-
[(CH3)3NH]MCI5-2H,0 (M=Mn, Co, Ni, Fe,.), for  pound can be described by the space gr@uxma(D%ﬁ ,
which a large body of experimental material has been accun agreement with the results of Ref. 1. The values of the unit
mulated, mainly in relation to static magnetic studies. Thecell parameters area=16.67 A, b=7.273 A, and
high-frequency and resonance properties of this class of crys=8.113 A. The unit cell contains four magnetic ions’Co
tals in the paramagnetic and magnetically ordered phases r&eometric fragments of the structure are illustrated in Fig. 1,
main less studied. which was taken from Ref. 1. The principal feature of the

The present study investigates the resonance behavior pfCHs)sNH]CoCkL- 2H,0 structure is the presence of paral-
the C&" ion in the[ (CH3)3NH]CoCk- 2H,0 lattice at fre-  lel chains of C8" ions extending along thé axis. The
quencies in the 14—120 GHz range and at temperatures ofttahedral environment of the €oion consists of four Cl
1.8-60 K. An earlier study of the magnetic and thermalatoms and two water molecules, and the octahedra in a chain
properties of the magné{CHs)sNH]CoCkL-2H,0 showed are inclined successively from tleeaxis first to one side and
that this crystal has a sufficient degree of one-dimensionalityhen the other. In thé&c plane the chains are separated by
and a three-dimensional magnetic ordering temperalyre trimethylammonium groups, and the crystals are easily
equal to 4.135 K:2 According to the results of Ref. 1, the delaminated.
exchange interaction in the chaid/k, is equal to 15.4 K, From measurements of the heat capacity and magnetic
while the interchain exchange is0.28 K. This system can susceptibility, Losee and coauthbestablished that the mag-

1063-777X/2002/28(12)/7/$22.00 889 © 2002 American Institute of Physics
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hedl H
FIG. 1. Fragments of the crystal structure [¢ICH3)3;NH]CoCkL-2H,0 /
(Ref. 1.
a a a
1 ; 2 3
H<640e H <64 0e

netic structure of (CH;)3sNH]CoCkL- 2H,0 consists of Ising
chains along the axis, with a ferromagnetic intrachain ex- FIG. 2. Noncollinear magnetic structure of the compound
changel=15.4 K and an antiferromagnetic interchain inter- [(CHs)sNH]CoCk-2H,0 (Ref. 3. The numbers label possible spin con-
action withJ’=—0.18 K. figurations.

The magnetic structure of the compound
[ (CH3)3NH]CoClk-2H,0O was determined by Spence and _ o o
Botterman from the results of magnetization and NMR mea- perpendicular to the direction of the external magnetic field.

surements. The structure in zero magnetic field is presentel’® @ngular dependences of the absorption spectrum in the
in Fig. 2. The magnetic moments of the chains lie in st ac and bc planes were recorded at a fixed frequency. The

plane and deviate from theaxis by an angle of the order of accuracy of adjustment of the sample in the resonator with
10°, which leads to a nonzero magnetic moment alongathe respect to tr:e crystallographic axes and external magpetlc
axis. Since in zero field the directionsa are physically feld was=1°. The temperature was measured by a gallium
indistinguishable, it is reasonable to assume thafTfarT,, arsenide thermometer with an accuracy of 0.01 K or better in
the magnetic system of the sample consists of domains ha{l'® temperature interval 1.8—4.2 K and to 0.2 K or better at
ing opposite directions of the moment along theaxis. the high-temperature end of the range.
These possible configurations are labeled by the numbers
and?2 in Fig. 2. When a magnetic field is applied along the EXPERIMENTAL RESULTS
axis, a metamagnetic phase transition is observed in a field of i )
64 Oe. The width of this transition is determined by the Paramagnetic region
demagnetizing fields and can reach 500(@anfiguration3). For Hllc the absorption spectrum of the €oion in
Above those fields the system is found in a ferromagneti¢ (CH3)3NH]CoCkL-2H,0 at a frequency of 71.59 GHz con-
state. Groenendijk and van Duynevélghowed on the basis sists of two intense low-field line$i;=3.5 kOe andH,
of magnetic susceptibility measurements that there exist7.2 kOe and three low-intensity lines at resonance fields of
three exchange interactions, which differ in sign and magniH;=19 kOe, H,=22 kOe, andHs=24.73 kOe. Figure 3
tude: a strong ferromagnetic interaction in the chailg ( shows an example of the recorded trace of the EPR spectrum
=13.8 K), a much weaker interactiod=0.28 K) which  of the CG" ion in this compound foH| c. Of greatest inter-
orders the chains in thiec layer, and a still weaker antifer- est are the two intense low-field components, the behavior of
romagnetic interactionJ;= —0.032 K) coupling the ferro- which we shall describe in more detail. Figure 4a shows the
magnetic layers, and that the region of short-range magnetiangular dependences of the resonance field for these compo-
order in this quasi-one-dimensional structure extends tments of the spectrum, taken in the plane. All of the mea-
15-17 K. surements of the angular dependences were made at a tem-
We made resonance absorption measurements on a copperature of 9.5 K. The observed doubling of each component
plex of radio spectrometers with replaceable resonator cell@f the spectrum attests to the presence of two nonequivalent
The polarization of the microwave field at the sample wascenters for Cé" ions in the unit cell. This nonequivalence is
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FIG. 3. A sample recording of the absorption spectrum of thé*Con 25
in the compound [(CH)3NH]CoCkL-2H,0 for Hlc. T=9.5K, T=9.6 K
v=71.59 GHz. The narrow line is the reference signal of diphenyl picryl be plane
hydrazyl (DPPH. 20l- v=71.59GHz
expressed in a symmetric rotation of the magnetic axes of the B 151
centers in theac plane relative to the direction of theaxis O]
by an angled= *=12°, while the other parameters of the g
centers remain identical. T 10}
For an Ising system the angular dependences of the reso-
nance fields of the componernitk,s ; andH ., for each of
the centers can be described by an expression of the form 5|
H12)=Hg/cosé, since only the component &f along thez
projection of the spin plays a rolghe other parameters are b
equal to zerp The solid curves in Fig. 4 were calculated by 0 ! b . ! ¢ . ) !

the formulas -90 -60 -30 0 30 60 90

0, de
Hy=H,o/cog 0= 0'): 9
_ FIG. 4. Angular dependence of the resonance fields of the absorption lines
Hy=H ZO/COS( 6+0"). @ of the C&* ion in the compound(CH3) sNH]CoCk- 2H,0 in theac plane

. | . Th ircul | th i-
We see that the angular dependences obtained expeiﬁ-) and bc plane (b) e square and circular symbols denote the experi

) . - ) ental values of the resonance fields for the two low-field lines investigated.
mentally are described quite satisfactorily by formu(@s  The filled and unfilled symbols correspond to different centers. The solid
The deviation from the experimental dependences at largeirves were calculated using formulés.

angles is indicative of nonideality of the Ising systéthe

experimentally determined value gf is nonzerg.

The angular dependences of the resonance fields of the To determine the values of the effectigefactors in the
low-field components of the resonance spectrum inlthe direction of their maximum values, which is the direction of
plane are presented in Fig. 4b. It is seen that the structure gfreatest interest, we studied the frequency—field dependence
the absorption lines remains single at all angles. Furtheref the absorption spectrum pfCHz);NH]CoCk-2H,0 for
more, these curves do not intersect anywhere, as could be tla@ orientation of the external magnetic field along zhexis
case for two misoriented crystals. The crystallographic bxis of the crystal(see Fig. 5. As was have said, two low-field
coincides with the local magnetic axis The solid curves, as absorption lines of the G8 ions are observed along this
in Fig. 4a, were calculated according to formuld$ with direction. Thev(H) curve obtained shows that in the fre-
0’ =0. The angular dependence of the position of the absorpguency range 14-105 GHz the absorption lines in this com-
tion lines in theab plane is extremely weak and not very pound are described, within the error limits, by a linear de-
informative. pendence. However, for the two absorption lines an initial

For the three low-intensity lines presented in Fig. 3 thesplitting of AE;=1.9 kOe andAE,=4.9 kOe is observed.
values of the effectiveg factors areg;=2.69+0.1, g,  This linear dependence of the absorption spectrum is de-
=2.32£0.1, andgs=2.06+0.1. These lines have practi- scribed by an expression of the form=AE,;
cally no angular dependence. +01(2)ugH. From the slopes of the straight lines we deter-
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FIG. 6. Temperature dependence of the intensity of the absorption line of
the compound (CHz)3sNH]CoClk- 2H,0. The points are experimental, and
the solid curve was calculated using formy, in the spin-cluster reso-
nance model.

FIG. 5. Frequency—field dependence of the absorption spectrum of th
Cc?* ion in the compound(CH;)3NH]CoCl- 2H,0 for H|c. T=9.5 K.

mined the values of the effectivgfactors along this axis of
the crystal:g;,=6.57+0.05 for the first line and),,=11.8  from the that described above for the low-field lines. As we

+0.05 for the second. . _ have pointed out, at a temperature of 4.5 K one observes
~ Theg factors along the other axes were determined in ahree low-intensity absorption lines. With increasing tem-
similar way. perature their intensity decreases, andTor15 K they are

The experimentally measured effectigefactors @4, no longer observed.
=6.57,09,=1.91,9,=2.29) confirm the conclusions of Ref.
1 that the compoun@l(CH3)3NH]CoCk-2H,O can be de-
scribed to a sufficient degree of accuracy by the Ising model. )
The temperature dependence of the intensity of the IowMalgnetlcally ordered phase
field lines in the absorption spectrum of the’Caon was We did a study of the frequency—field dependence of the
investigated in the temperature interval 4.1-60 K in a stationagnetic ~ resonance v(H) of the compound
field applied along the local magnetic axisThe main fea- [(CH;)3NH]CoCk-2H,0 in the frequency interval 30—-112
tures of the variation of the spectrum are as follows. At aGHz and at magnetic fields up to 80 kOe at a temperature
temperature close toy=4.13 K the absorption spectrum is T=1.8 K.
not observed. Starting at a temperature of 4.5-4.6 K one The results of these measurements for an orientation of
observes two narrow resonance lines of low intensity, @ith the external magnetic field along the crystallographic direc-
factorsg,;=6.57=0.05 andg,,=11.8-0.05. The fact that tions a, b, and c are presented in Fig. 7. Analysis of the
no critical broadening of the absorption line is observed inmagnetic structure and studies of the magnetization and
the investigated temperature interval apparently confirmsnetamagnetic transition show that the easy axis in this com-
that the ferromagnetic interaction is dominant in the systempound is along the direction and the hard axis is alofg
With increasing temperature the peak intensity of the lines If the external magnetic fieldd is directed along the
increases, reaching a maximum value at 9.5—-11 K. The ratieasy axi<, then the observed(H) dependence is described
of the intensities of the spectra is about 1:1.5, and the widthwithin the experimental error by a quadratic function in-
of the two lines at half maximum in this temperature intervalcreasing with field. AAd—0 the spin-wave spectrum has a
remains constant and equal to 920 Oe. Further increase map equal to 70.£0.1 GHz. As we have mentioned, a mag-
temperature leads to a decrease of the intensity of the spenetic field applied along the axis will lead to a metamag-
trum without altering the linewidth, and only above 31 K netic phase transition, which fét =64 Oe takes the system
does substantial broadening of the absorption lines occutp a ferromagnet stafe.
after T=34 K the line with the lowest intensity is hardly When the external magnetic fiekdl is oriented along the
observed, but the second line is discernable to 60 K and has axis (the intermediate directionat a frequency of 47.6
a width of 3500 Oe. In the whole temperature interval inves-GHz one observes two FMR absorption lines, at fields
tigated the position of all the lines with respect to magneticH;=5.8 kOe andH,=32.5 kOe. Fow>52.5 GHz the low-
field remains practically unchanged. The described temperdield component is not detected. Unfortunately, because of
ture behavior of the absorption intensity of the low-field line the strong magnetization of the crystal along this direction,
is shown in Fig. 6. with long relaxation timegseveral hours we were unable to
The temperature behavior of the high-field lines differsmeasure the frequency—field dependence in this frequency
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excitation spectrum, and anomalous temperature behavior of

100 the intensity of the low-field absorption lines. These effects
may result from features of the magnetic structure and ex-
90 . . U .
change interactions in this system. As was pointed out above,
80 in this quasi-one-dimensional system the region of short-
range magnetic order extends to 15-17 K, making it possible
N 70 . . . .
% to treat it above the magnetic ordering point as a set of
— 60 weakly coupled ferromagnetic ordered chains, the length of
2 which (the correlation lengthdepends on the temperature.
o 50 . :
2 To explain the experimental results we have used the
lji_’ 40 spin-cluster model first introduced by Date and Motokawa

for explaining the magnetic resonance in the quasi-one-
dimensional Ising ferromagnet CoCRH,O. The ratio of
the effectiveg factors for[(CH3)3NH]CoCk-2H,0 also
permit one to describe its quasi-one-dimensional magnetic
structure in a first approximation by an Ising model of ex-
change interactions.

The concept of spin clusters, according to the model of
Date and Motokawa, is based on the assumption that an
FIG. 7. Frequency—field diagram of the ferromagnetic resonance in th&xchange-coupled ferromagnetic Ising chain contains ther-
crystal [(CHz)sNH]CoClk-2H,0 for the crystallographic directions, b, ~ mally excited groups of spins whose moments are flipped
andc. T=1.8 K. The lines are drawn for convenience and represent a qualiyith respect to those in the rest of the chain. A spin-cluster
tative description of the diagram of a two-dimensional biaxial ferromagnet. . . e o

resonance consists in the excitati@hp) of one (h=1) or
several (=2, 3, etc) of these spins at the edge of the cluster
under the influence of a high-frequency field. The Hamil-
tonian of this system has the form

30
20
10

1 1 :{ 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Magnetic field, kOe

interval. However, extrapolation of the experimental depen
dence tov—0 gives a value of the transition fielH
~29 kOe.
When the external magnetic field is oriented along the H=-232 SS.1-gmeHX S 2
hard(b) axis, one observes a softening of the resonant mode, ' '
and atH=35 kOe its frequency goes to zero. Above a fre-  With the weak interactions taken into account, one ob-
quency of 52.5:0.1 GHz the soft mode in the FMR spec- tains the following expressi8rior the energy of excitation of
trum was not detected. n-fold clusters in an Ising ferromagnetic chain with effective
Thus, as can be seen in Fig. 7, #8r—0 there are two Spin S=1/2:
gaps in the spectrum of resonance excitations of the spin-

wave system, equal to 70:10.1 and 52.5 0.1 GHz. En=2|J|+n2 a;Ji+nuH, ©)
1
DISCUSSION OF THE RESULTS whereq; contains information about the features of the local
, . magnetic orderingie=gugS is the magnetic moment of the
Paramagnetic region site of the chain, and is the number of sites in the cluster.

It is known that at low temperatures the EPR spectrumSince the exchange interaction in the chain alongtieeis
of the C&" ion in a distorted octahedral environment is is JJk=15.4 K, at low temperatures the excited level will be
usually single-component and is described by an effectivdound a distance 22 cht above the ground state, and there
spin S=1/2 with a sharply anisotropic effectivg factor. ~ Wwill be no absorption in a microwave field. As the tempera-
Here the local magnetic axes of the paramagnetic center coldre is raised, however, when thermally excited spin clusters
responding to the extremal values of thdactor are deter- appear, it becomes possible to observe transitions within the
mined by the symmetry and character of the intracrystallinexcited level, which correspond to a change in the number of
field, and the sum of the principal values of the effective cluster sites, i.e., an additional flip of one or several spins
factor does not exceed 13As a rule, observations of the at the edge of the cluster. The frequency of such a resonant
EPR spectrum are made at low temperatures. Increasing tiigansition will be determined by the change in the energy of
temperature leads to a sharp broadening of the resonance litfée System upon a change in the cluster lengtim Isjtes:
and a decrease in its intensity. _

The resonance absorption spectrum of the compound hv=n(AE+2uH), @
[(CH3)3NH]CoClL-2H,0 differs appreciably from those where
which are usually observed. The characteristic features of the AE=43,42] ®)
absorption spectrum of the €0 ion in the paramagnetic 2 b
phase of the multisublattice magn@{CH3;);NH]CoClk  andJ; andJ, are the weak ferromagnetic and weak antifer-
-2H,0 cannot provide an explanation for the following ex- romagnetic exchange parameters. Date and Motokawa called
perimental facts: the presence of several absorption linethese transitions “spin-cluster resonance.”
with values of theg factor exceeding the limiting values for Starting from this model, one can interpret the results on
a “nearly free” ion, the presence of initial splitting in the the frequency—field curve&-ig. 5 of the absorption spec-
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trum of the compoungl(CHz) sNH]CoCl- 2H,0. The solid The presence of low-intensity high-field lines in the
lines correspond to expressio#) for the casem=1 andn  spectrum may be due, we believe, to the presence of para-
=2, according to which the angular coefficients are propormagnetic impurity ions or defects in the system. This is con-
tional to the values of the effectivg factors for the two firmed by the characteristic features of the those lines: the
components of the spectrum, and the initial splittigs, ,) ~ values of theg factors, the absence of anisotropy in them,
should differ by a factor of two. The values obtained, and the temperature behavior of the absorption intensity.
=6.57+0.05, g,,=11.8+0.05 and AE;=1.9 kOe, AE,
=4.9 kOe have close to this ratio.

Using these values, we can estimate the exchange p#tagnetically ordered phase
rameters of the system under study. Recall that the magnetic

structure of the compourtd CHs) sNH]CoCl- 2H,0 can be magnetic ordering ifi(CH)sNH]CoCk- 2H,0 is of an an-

regarded as a set of ferromagnetic chains with a weak ir]tetiferroma netic character, in a real resonance experiment one
chain ferromagnetic interaction, and the ferromagneticactua” s%udiesaferrom:';\ netic structure sincepas we have
planes are coupled by a very weak antiferromagnetic ex: y 9 ’ ’

change. Therefore an external fiéld=64 Oe applied along said, forH—0 there is a metamagnetic phase transition to a
- : : .~ . ferromagnetic structure.
the axis of anisotropy breaks the weak antiferromagnetic in- Theref tor d ibi h ¢ th
teractions and brings the system to a ferromagnetic state. neretore, for describing such a system one can use the
H—|amllton|an of a one-sublattice ferromagnet with an ortho-

In the effective-field model the interplane exchange cal hombic struct hich has the followi | form:
be estimated from the relationz2,S?=gugSH. with rhombic structure, which has the following general form.

z=4, S=1/2, and g=6.57; this gives a valueld, 1

=—0.007 K. An estimate od; from expression$4) and(5) H=— _2 I mS- Sm—Dz (32)2—E

gives values of 0.16 Kr(=1) and 0.202 K G=2), the 2fm l

average value being;=0.18 K. Then, using the well-

known Onsager formula for a rectangular Ising lattice, X2 [(892= ()3 +guH X S, (7)
sinh@/kTy)sinh@, /kTy)=1, and the averaged value df, ! o

we obtainJ=15.6 K. This estimate is in good agreement . . ) .
with the values obtained by other authors: 15.% 13.3 K2 where the first term describes the exchange interaction, the

and 14.7 K° and the ratios of the exchange parameters obSecond and third terms describe the contribution of the axial

tained on the basis of these results confirm the high degree 8d rhombic anisotropies, and the last term takes the external

magnetic one-dimensionality of the system under study. ~Magnetic field into account. o
A characteristic feature of the spin-cluster resonance is |t should be noted that the influence of orthorhombicity

the anomalous temperature dependence of the absorption i theé FMR spectrum was observed previously in the com-
tensity | in comparison with the usual magnetic resonancePOUNAL(CHs)sNHINICl;-2H;0 by the authors in Ref. 11. In
According to Refs. 8 and 9, for a ferromagnetic Ising chainthat paper, theoretical expressions were obtained for the

the absorption intensity is described by the expression frequency—field dependences of the magnetic resonance in a
one-sublattice model witls=1 and an external field direc-

tion perpendicular to the local axiz which satisfactorily

It should be noted that although the three-dimensional

I =exp(—2J/kT)[1—exp(—EgueH/KT) ], (6) describes the experimental curves. However, the authors did
not find the absorption spectrum along the easy axis.
where ¢=[ —In{tanh(J|/2kT)}]~ ! is the correlation length The solution of this Hamiltonian for ferromagnets with
for a one-dimensional Ising magnét. spin S=3/2 and a theoretical description of the frequency—

Figure 6 shows the temperature dependence of the alfield curves have not been given in the literature. Neverthe-
sorption intensity(the solid curve calculated according to less, the dependences obtained experimentally correspond
formula (6) for an n=2 cluster, whereJ/k=15.4 K and qualitatively to the behavior of the resonance frequencies
gugH=3.43 K. It can be seen from Fig. 6 that the qualita- obtained in Ref. 11 for an orthorhombic ferromagnet in ex-
tive and quantitative description of the experimental data isernal magnetic fields directed parallel and perpendicular to
quite good. The slight disagreement at high temperatures isie easy axis. This made it possible for us to measure the
apparently due to the broadening of the line and the error imxial D and rhombicE anisotropy constants and also to es-
the estimate of the intensity. Furthermore, expresgiomwas  timate the critical fields of the phase transitions in a magnetic
obtained for an isolated Ising chain without taking the weakfield, which have the valuebl;~29 kOe, H,~ 35 kOe,
interchain interactions into account. The temperature behap =18.75 kOe, andE=6.28 kOe.
ior of the intensity of the absorption line for an=1 cluster Apparently this is the first experimental observation of
was calculated in an analogous way. The resonance line fahe frequency—field dependences in a biaxial quasiferromag-
clusters of greater lengtn{>2) are not observed experi- net along all three crystallographic directions.
mentally. This is apparently because the correlation length
of the chain decreases rapidly with increasing temperature,

andl~2 at typicgl experimental temperatures. _ CONCLUSIONS
Thus the spin-cluster resonance model gives a rather
good description of the resonance properties of th&"Gon Our resonance studies of the compound

in the[(CHz)3NH]CoCk- 2H,0 lattice in the paramagnetic [(CH3)3NH]CoCk-2H,0 in the paramagnetic and magneti-
phase. cally ordered phases permit the following conclusions.
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The thermodynamics and structure of glass-forming liquids are considered within the framework
of the heterophase fluctuatighiPP model. The main goal of the theory developed is to

find a description for the long-range correlatiqghfC) of the density fluctuations known as the
Fischer cluster. The van der Waals approximation of the HPF model shows that the liquid

can have an isolated solid—fluid critical point analogous to the critical point of a gas—liquid system.
Heterophase fluctuations in the form of solidlike noncrystalline and fluidlike clusters can

have LRC in a narrow vicinity of the critical point. An analysis shows that the properties of the
conventional critical fluctuations differ from those of the Fisher cluster. This forces one to

look for another explanation of the observed LRC in glass-forming liquids. Large configurational
entropy of liquids and glasses is a manifestation of multiplicity of the short-range ordering

of molecules in the amorphous solidlike and fluidlike clusters. The multiplicity of short-range order
results in structural heterogeneities. Random-field Ginzburg—Landau equations for the HPFs
are deduced taking into account the structural heterogeneities. The random field is generated by
these heterogeneities. It is found that at least three characteristic correlation scales are
inherent to the HPFs: the radius of local ordgy, which is comparable with the radius of the

first coordination sphere; the random-field-controlled radius of critical fluctuatiRs,

the average correlation lengfh, of fractal aggregations formed by the correlated doméins
domains have size-R.). The lengthé,, is the characteristic size of the Fischer cluster.

The conditions for the appearance of the listed correlations are deduced by requiring that they
provide minimization of the free energy of the system. The annealing kinetics and
dynamics(the ultraslow modesof the Fischer cluster are described. 2002 American Institute

of Physics. [DOI: 10.1063/1.1531394

1. INTRODUCTION The a-relaxation is insensitive to the Fischer cluster for-

. - mation. The ultraslow dynamics is considerably slower than
Structural and dynamic heterogeneities of the glass- .
the a-relaxation processes.

forming liquids have wide spectrum of space and time A f devoted to th f the Fisch
scales, see, e.g., Ref. 1 and the references cited therein. The gl”lz papers are devoted 1o theory of the TIScher
most mysterious is the phenomenon of long-range correIaQIUSteﬁ_ The ap_progch proposed'ftto description of the
tions (LRC) of the density fluctuationéFischer clusterdis- fluctuation patterning is not comp!gted as yet..ln Ref. 11 the
covered and investigated during the last decadén a wide LRC are treated as long-range critical fluctuations. They are
temperature range above the glass transition temperEure described within the framewqu of a two-order-parameter
the correlation length of density fluctuations is much largerodel. But the features)35) still have no proper explana-
than the molecule size. The annealing time of the Fischefion in Ref. 11.

cluster is many orders of magnitude larger than the In Ref. 12 it is shown that the LRC appears as result of

a-relaxation timer,. The main peculiarities of the Fischer adgregation of heterophase correlated domeids) having

cluster are following: the same short-range order. This paper is devoted to a further
1) It exists in a rather large temperature rangg,00 K, ~ development of the theory.

aboveTy. We start from the idea that the glass-forming liquids
2) The correlation length is up to 300 nm, while the have heterophase mesoscopic structure consisting of solid-

short-range ordefSRO) radiusr,~1 nm. like and fluidlike species. The average lifetime of each spe-

3) No critical behavior of the heat capacity, Compress-cies is comparable with the-relaxation timer,, . As a result
ibility, and thermal expansion coefficient is observed abovedf the rearrangements the species change their SRO and type
Ty. (solidlike species become fluidlike and vice vergait the

4) The density fluctuations have a fractal structure ofaverage concentration of the species possessing a specified
dimensionD < 3. The dimension depends on the temperaturéSRO is constant at a fixed press&#and temperaturé. The
T and the substance. It differs from the universal criticalfraction of molecules belonging to the solidlike species,
exponent of the pair correlation function. ng(x,t), is chosen as the order parameter. It is a random field

5) Ultraslow modes characterizing the Fischer clusterdue to the randomness of the configurations formed by the
dynamics are some orders of magnitude faster than the Fispecies. The correlation properties of these configurations
cher cluster equilibratiofannealing time. have to be found by minimization of the free energy of the

1063-777X/2002/28(12)/11/$22.00 896 © 2002 American Institute of Physics
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system. These ideals form the basis of the heterophase flug- THEORETICAL MODELS OF THE HETEROPHASE
tuation model of the glass-forming liquids. For brevity a lig- LIQUIDS
uid with developed heterophase fluctuatidghPFs will be

called a heterophase liquid. uids (HPLs) usually starts with the introduction of the basic

In one form or another the u_d_ea of an important _role Ofthermodynamic quantiiess;, e and i, which are
HPFs in the liquid-to-glass transition has been used in man hemical potentials of the “pure” fluid and solid phases and

treatments of the glass-forming_ qu_ui(_js. In R_efs. _13_23 test the interface, respectively. This last one for simplicity is
free energy of the heterophase liquid is described in the meafgmeq to be independent of the interface geometry. Here
field approximation. Equations proposed in Refs. 12, 14, 15yq gare interested in consideration of the liquid states with

17, 22, 23 show that the heterophase liquid can have a critomparable fractions of the solidlike and fluidlike clusters,
cal point. Moreover these equations are isomorphic to the

van der Waals theory of the gas—liquid critical poisee 0.15<n,n<0.85, @

below). By adding a gradient term to the van der Waals freeyhere n;=1—n is the fraction of fluidlike clusters. The

energy one can get the Ginzburg—Land&L) description  numbers 0.15 and 0.85 are the percolation thresholds of the

of the gas—liquid state¥. The same procedure allows one to clusters?® The condition(1) means that the solidlike and

use the GL equation for heterophase liquitidssuming that  fluidlike species form interpercolating clusters.

the supercooled liquid abovk, is close to the critical point, The interpercolating heterophase states form easily when

one can get a description of the correlation phenomena ithe interfacial free energy is small,

heterophase Ilqylds. Apparentl_y the formation of a Fischer 0<A pi<T, @

cluster possessing the properties-3 cannot be treated as

conventional critical fluctuations. This way of explaining the where

LRC fails. To come up with a solution of the problem while 1

staying in the framework of the HPF model, one has to take A ujn= pini— E(,u,f+,u,s). (3

into account the SRO statistics and correlations. The free

energy of a heterophase liquid is a functional of the ordefThe condition(2) provides for comparatively smajbositive

parameter and of the space distributions of the species posentributions from the interfaces to the free energy of the

sessing different SRO. In seeking the free energy one is leglystem. As a result of that, the interface turns out to be rather

straightforwardly to the random-field Ginzburg—Landaudeveloped to gain large phase-mixing entropy. Because the

modeI(RFGLM).12 Subsequent minimization of the free en- phase formation is a cooperative phenomenon, single mol-

ergy shows when and why the aforementioned correlationgcules can not be statistically independent species in the het-

are beneficial. erophase states. The phase miscibility is characterized by the
It should be noted that the mean field approach is valid@ssociativity parametel . It determines the size of statis-

only outside the fluctuational critical regi#hand that the tically independent units in calculations of the mixing en-

location and size of fluctuational region depend strongly orffoPy- Evidently,ko>1.

the random field properties. Therefore the applicability con2.1. chemical potentials of the pure phases

ditions of the mean field model have to be checked. .
Macroscopically homogeneous condensed amorphous

The outline of this paper is as follows. Theoretical mod- hases-liquid andor) noncrystalline solids-are heteroge-
els of heterophase liquid states are considered in Sec. 2. TRe q Y g

. g - eous on microscopic scales due to multiplicity of the SRO.
free energies of solidlike and fluidlike clusters are formulate he number of structure states bf molecules K1) in
in terms of constituent species possessing different free e0hese states can be presented in the following fee, e.g
ergies. The space distribution of these species in the fram 2ef. 27 T
work of mean field theoryMFT) are described by fields
ws(P,T,x), us(P,T,X); the subscripts andf mean solidlike Wi(N)=exp({iN), i=s,f, (4)
andﬂuidlike, resBectiver. With the space-averaged quantizi is the configurational entropy of ergodic states, or the
ties ug(P,T) and u;(P,T) the free energy takes the form of complexity of nonergodic states,
a two-species model which, as is shown below, is isomorphic

The phenomenological description of heterophase lig-

to the van der Waals theory of a gas—liquid system. A gen-  Sci=Kg{i, )
eralization of the van der Waals theory including the gradient 4 kg is Boltzmann's constant.
term and random fieldgs(P,T,x) and u¢(P,T,x) is the The multiplicity of the structure states reflects random-

Ginzburg—Landau random-field model. Equations of thishess of the potential relief of molecules. The set of minima
model are deduced. Short-range and long-range correlations the relief is often called inherent structufég® The dis-
of the random fields are investigated in Sec. 3. A theory okyipution of the potential energy minimai(e,N), describing

the critical point in the framework of RFGLM is developed the density of structure states of a solid cluster in liquith, is
in Sec. 4. Section 5 is devoted to the static properties of the

long-range density fluctuations, while the dynamics of the
heterophase fluctuations including description of the ul- m
traslow modes and annealing kinetics of the Fischer cluster s
are considered in Sec. 6. The conclusion in Sec. 7 includeswsheree is the potential energy per molecule at a minimum,
discussion of the theory developed. & is its average value, an@ is the variance per molecule.

hs(e,N)=

expN[{s— (e —€4) 225821}, (6)
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The chemical potential of a noncrystalline solid cluster  52,(P,T)
can be presented in the following form: o2
S

ws(P.T.X) = ps(P,T) +7s(P, T, ), (@)

It follows from (13)—(16) that on the coexistence curve
whereu is the average value and describes variations of (P T)=1/2 17)
the chemical potential due to randomness of the potential s '
relief. Ignoring dependence of the molecule vibrations andrhe solution of this equation, which is a direct analog of the
librations on the depth of the potential well, we hguwgx) critical isochore in the van der Waals theory of the gas—

(16)

~g(X)—&g. liquid critical point, gives the pressure dependence of the
The first and second moments of this random quantitycoexistence temperatuiig,(P), at which both phases are in
are equilibrium.
1 Routine analysfé shows that(15) has only one stable
(Tus(X))= v j TL(X)d3x=0, solution with
2T¢(P)
~ R P 3 2 O<A/‘Lint|Te< K (18
(Bs(x)?=g | BEO0d*= 4%, ® 0
If
HereV is volume of the system, ar{d.) means the ensemble
average, which is equal to space average by virtue of ergod- _ 2T¢(P)
|C|ty AMIntlTe> kO ’ (19)
For s the following expression is obtainéd: then Eq.(15) has three solutions in the vicinity of
52 _ _
io(P.T) =85 T Se T+ (P T+ P (9 Te=Te(Pe)=kod pin2. (20

_ o _ ~ Equation(20) determines the location of an isolated critical
Here us ip is the vibrational part of the chemical potential, point on the coexistence curve. At this point a second-order

and v is the specific volume. _ . phase transition takes place. On the coexistence curve below
~In analogy with (6)—(9) the chemical potential of the the critical point a first-order phase transition takes place. A
fluid phase can be written as continuous phase transformation with crossing of the coex-
wi(PTX)=m:(P,T)+ (P, T, ), (100  istence curve occurs above the critical point. The condition

A uin=>0 in (17) is needed to provide the phase separation in
_ _ O the supercritical region.
wi(P,T)=¢;— ?—scvaJr Mt vibrand P, T) +Pog. (1) It is worth noting once again that the expressi@B) is
isomorphic to the free energy of a liquid—gas system in van
In the last term the translational mode of the motion is in-ger Waals theorysee Ref. 24 but the order parameter used

2

cluded. here is different. This follows immediately froi26) after
The moments ofi¢(X), like (8), are omitting the gradient term and puttifg= s — ;.
1 An approximate solution of13), (15) with the condition
(i) =0, (Bf() =g f BF(x)d3x=&7. 12 (@19is
_ 1
2.2. Mean field model of HPFs (van der Waals approximation ) Ns~ 1+expHpB)' (22)

The average chemical potentials of the phaggéP,T)  where
and u¢(P,T), determined by(9) and (11), respectively, are _ _
used in this approximation. The chemical potential of the |, _ Kol ps(T) — p(T)]

= . 22
heterophase liquid %8 1—KoA pind 2T o(P) (22)
w(P,T)=ngusP,T)+(1-ng)us(P,T) In the vicinity of the coexistence curve
+N(1-Ng) A i P, T) + kg *T[Ng InTg ps(T) = pi(T)~As(Te)(T—Te),
+(1-ng)In(1-ng)], (13 As(Te)=5¢(Te) —Ss(Te)- (23
whereng is the average value of the order parameter. Here sy(T), s¢(T) is the entropy per molecule in the solid
The solid—fluid coexistence curve on tteT) plane is  and fluid states, respectively.
determined by the equation Equation(21) describes the evolution of the order pa-

rameter with a continuous phase transformation.

#s(P.T) = pi(P.T). (14) It should be pointed out that the two-state, two-species,
The equilibrium value of the order parameteris de- two-phase models considered in Ref. 13-17 formally are
termined by the equations particular cases dfor can be presented in the form) dgs.
(13—(16).
Mzo, (15) As is shown in Ref. 23, the mean field approach devel-

ang oped gives a reasonable description of the observed continu-
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ous phase transformatior_l in glass-forming I_iquids. Alongfields, puttingzis(x) = 7+(x)=0. With?](x)=0 the equation
with that, the above-mentioned LRC are outside the frame¢33) describes the conventional critical fluctuations of the

work of this model.

2.3. Random-field Ginzburg—Landau model

The GL approach allows one to investigate the structur
of HPFs in the vicinity of critical points. Near the coexist-
ence curve the free energy with the fieMsg(P,T,x) and
(P, T,Xx), us(P,T,x) taken into account can be presented
in the GL form?’

G:GOJFGJ_, (24)
Go=Nu(P,Te), (25
G—lflAV 21821C4hd3 26
1—; E (Va) +E o +Z o’ —Na X, ( )

wherew is the specific volume,

a=a(P,T,x)=ng(P,T,x)—ng(P,To)=ng(P,T,x)— %

(27)
B=4Ky 'T—2A ting( P, T) + Fis(X) + Tig(X)
=4Ko 'T— AP, T) + Tring(X), (28)
C=16k, 'T/3, (29)
h=72s(P,T) = my(P,T) +Ts(P, T,X) = (P, T,X)
=h-+h,
h=rzs— s RX)=Tg(X) — (). (30)

The coefficientA is connected with the interfacial energy,
A:r%Ao""rgA,u«int! (31)

andr is the correlation radius outside the critical region; it

is comparable with the molecular size. Apparently the asso-

ciativity parametekg is proportional torg,
ko~ (ro/a)?,
wherea is the characteristic size of a molecule.
With h=0, Vng(P,T,x)=0, and7;=0 the equations
(24)—(26) are equivalent tq13) with accuracyO(a®). In

this case the free ener@®6) is isomorphic to that of the van
der Waals theory of the critical point.

The random fieldh(x) plays an important role in the

(32

order parameter in the absence of the random fields. The
dimensionless parameter

70=Be/Ag, Be=4Kg ' Te— 2 Te) (34)

determines how close the system is to the critical point. In
the region(18), this parameter is-2/kg.

According to the conventional theory of critical fluctua-
tions, the correlation radius of the order parameter fluctua-
tions is

e

Re~Tolmo| % h<he(B),

Re~rolh|™#, h>h(B), (35)

he(Be)=Bg(Be/C)Y2

wherev, u, andy are the critical exponents. They have the
mean field values with

703> (alr )~k 2 (36)

when mean field theory is valid(36) is the Levanyuk-
Ginzburg condition In the fluctuational region, withr,
<(alry)®, the universal values of the critical exponents
(known, e.g., from Wilson’s theojyhave to be used. It is
worth noting that forkg>1 the fluctuational region is quite
narrow.

The pair correlation function of the critical density fluc-
tuations in the mean field approximation is kno(gee, e.g.,
Ref. 24 to be

P2 8pr(X) Spr(X1)) = KTV~ ES(X—Xy), 37
IXx—X1|>R..
Here k7 is the compressibility of the HPE2
NsvUskT t (1—ng)vsks
= Ngus+ (1—ng) vg
Ns(1—Ng)(vs—vy)? 39

[Nevst (1—Nngvs](Be+3Ca?)’

where vs and v; are the specific volumes of the solid and
fluid fractions, respectively.

In the critical regionk,~| 7| ~7~RY", >0 is a criti-
cal exponent. Accordingly to experimental datthe com-
pressibility does not show any changes when the correlation
length of the Fischer cluster grows. Therefore the observed

formation of the order parameter and density fluctuations in RC can not be identified as the conventional correlation of

the vicinity of T,.
Equation(26) implies the saddle-point equation:

—AAa(X)+Ba(x)+Cad(x)=h+h(x). (33

critical fluctuations. Ifh(x)#0, a new set of correlation
lengths can appear due to correlationdh(x).

It describes both the conventional critical fluctuations ands.2. Correlations driven by the random fields

fluctuations driven by the random fiel{x). The equations
(24)—(33) form the framework of the RFGLM.

3. CORRELATION PROPERTIES OF THE HPF
3.1. Critical fluctuations with ~ A(x)=0

To study out the role of random fields we start from a

brief description of correlation phenomena without random

To consider the order parameter fluctuations generated

by the random fields, let us put
a(X)=a+a(x). (39

Substitution of(39) into (33) and space averaging give the
following equation:

(Be+3Co2)a+Ca’=h, (40)
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Thus each CD is specified by the valuefofwithin it.
This value fluctuates around the meé\ﬁ(x))cd, where
(...)cq Means averaging over CDs. The order parameter fluc-
tuation within a CD has the estimafe

(ﬁzéf @?(x)d3x.

Combining(33) and(39) and using averaging of the nonlin-
earities, it is easy to get

_ — . ~ ) 3Tv (Ve 3 T
—AAT(X)+(B+3Ca”+3Cs%)a(x)=h(x). (41) (6a)cqg= K(|x|)d®x~ ,
_ _ _ _ 4mAVeq )0 4z.4B

The resulting equatiof41) includes two random fields,
h(x) andZ(X). It is knowr?®3that the fluctuationg(X) Vo 4nR® amrd A\
(fluctuations ofB) result in strong coupling effects of the chETZ 30 = 30 E (48)
fluctuations in a small vicinity of the critical temperature,
with |T—T¢|~T.exp(—const(ziz)). This effect is small. Noting that(42) gives
We neglect it here and put;,;=0. -

The equatior(40) has solution(21) when 52=0. a~h/B, (49

Tp cglculate&f, the equation41) has to be solved. The \ye see that therefore
solution is B

~ ~ T|B|
1 _ 2_/F20y\_ /]2 ~
300= 5 | K(x—xaDRox)d¥, g MO0 =55 (50
47A
Apparently a CD can be specified by a valuenly if
K(r)=r"texp—«r), (43) PP Y pectied by av v
= h?>AZ (51)
B 2 ~ ~ ~
KZ:K: B=B.+3Ca®+3Cs;. (44 Becauseéh is a finite quantity,i| <R, the condition

, o _ (51) has to be valid withh| ="y, or otherwise the thermal
Let us consider the contribution of the random fields tog,ctuations depress the random-field-driven effects.

the free energy. Combinin@6) and (42), we have The distribution of the random field values is
G=G,;+Gy, - 1 -
P(h)IVJ' S h(x)—h]d3x, (52
G,=— %} f h(x)a(x)d3x and
1 ~ ~ ~ L (heag [ o= o ~
=—mjf h(X)K(|x—xq|)h(x;)d3xd®x, Ccd(h)_VIEAh f o[h(x)—h]d*x dh~2P(h)Aj

(53

1 -~
=- 877Avf K(Ix=x:)(h()h(x1))d*xd;, (45) s the concentration of CDs witfn(x)—h| <Ay .
In CDs with |h|<A,, the average value of fielli(x) is
and smaller thanA, and the field correlation effects are de-
B 1 pressed by the fluctuations. The concentration of such do-
GVNZJI A(Va)2d3x (46)  mains,c., is

Che~2P(0)A;,. 54
is the contribution of the gradient term to the free energy. It ne (002 ®4

is a positive quantity, whil&, is negative. A minimum ofs The~relations(52), (53 determine the distribution of
can be achieved &y is minimal whileG, has a maximum. CDs onh.
It is seen that these conditions are independent of each other AS it follows from (45) and (46) that the change of the
becauseGy depends on the gradient &f(x) on a scale free energy per molecule driven by fiefdis
~R;, whilf G, is proportional to the correlator of the ran- B2
dom field h(x). Therefore the short-range and even long- g(h)~——. (55
range correlations dfi(x) are needed to minimizé&; . 2B
It follows from (42) that Now it is clear that the LRC of the field(x) (when it exists
B Jh(x) 2 is a correlation of CDs having nearly the same values of the
(Va(x)2~k 2(h(x))?+ x4 )

(47)  meanh. In other words, the CDs of nearly the saméave
to form a correlated aggregation to provide the long-range
The term proportional tash/dx is omitted in(47) be-  correlations of the field(x). The pair correlation function
cause it gives zero after integration. It is seen fr@® and  of such an aggregation can be presented as
(47) that Gy has a minimal valueGy~NA«?(a@?), if h is 1 (<R
nearly constant within the CD and the second term of the F(h,r)= T B ¢
right-hand side of47) is small compared to the first. ’ rPMW=3Sexn —r/&(h)), r>Rc.

X

(56)
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HereD(h), &(h) are the dimension and correlation length of This result is obvious: in this cas¥ has the maximal value,

the aggregation. 5ﬁ=(5s+ 51)%. If Tug(x) and us(x) are uncorrelated, then
Because the average concentration of CDs within thely= 85+ 87<(Js+ &)
aggregation & Is worth noting that the relatiot64) describes the cor-

relation of solid and fluid short-range orders within CDs.
Thus the inherent structures of the solid and fluid fractions
are correlated on this scale.

~ ~ ~ The entropy of the system is reduced due to the correla-
and c¢(D,£(h))=ccq(h), the correlation lengtiE(h) is re-  tions. The main entropy reduction is caused by the inhomo-

3 g D-3
cD.O~ | (57

lated to the concentratiockd(ﬁ): geneous redistribution of species having the same SRO in the
~ - -3 _ b3 granulated liquid. By virtue of relation65 u¢(x) and
&(h)=R[cca() " =RJ[2P(h)A ]~ (58 Z4(x), i.e., the SRO of the solidlike and fluidlike species, are

The (fracta) dimensionD depends on the nature of the ag- détermined byh(x). When the species of the sarheare
gregating species. Usually it is within the range 1.8-3.5. collected in CDs of size., the mixing entropy per molecule
There is no reason to suspect that it depends strongly. on IS

Therefore we consider it here as hrindependent constant s(h)=2z_'Inc.4(h). (66)
which is a property of the liquid. .
To show that the aggregation of CDs diminishes the free Note that when they are homogeneously distributed, one
— ~ _
energy, we compare the free energy of a liquid with aggrenass(h) =k “Ince((h). Thus the entropy reduction due to
gated and nonaggregated CDs. With nonaggregated CDs, hgrmation of correlated domains is

virtue of (50), (51) As(R) =Ky In cog(R) (1 2k /2.). 67)
H(r)=(h(x)h(x))~(h(x)) = &, (59 It follows that the total change of the free energy per
and molecule due to the field is
"2
~ N - N&2R2 = h -
__ N 2y _ ON"c Ag(h)=——+TAs(h). (68)
G, oA K(r)H(r)r=dr A (60) B
When the CDs are aggregated we have to (&€ and It has to be negative,
52, r<R., h2 -
- —>Tas(h), (69)
H(r)~ e o (61 2B
P(h)h?t(h,r)dh, r>R;
to provide the random-field-driven formation of CDs.
or
- 52, r<R.,
AD~{ 5 o 4 (62) 4. RANDOM-FIELD-DRIVEN CRITICAL FLUCTUATIONS
5hr eX[X_r/é:av)! I’>RC.

) ) The correlation properties of the random fields result in
Here ¢, is the average correlation length abds the aver-  cqrrelations of the order parameter and density fluctuations.

age fractal dimension.. _ Besides the location of the critical point, even the order of
Substitution of(62) into (45) gives the phase transition can change due to the random field, as is
5 N 5ﬁRE | Ew D-1 shown below.
Gu(é)~~ SAOI% 1t+4e Re+ &ay (63) 4.1. Critical fluctuations and location of the critical point

Returning to Eqgs.(40)—(42) and taking into account

Iti f hat the fi I i f CD
t is seen from(60), (63) that the fractal aggregation of CDs (50), (51), we have

really does lower the free energy.

Becausés; ~ — 62, the random fieldgig(x),7¢(x) have B (%) 1
to provide a maximal value of? for minimization of the a(x)=—+0| — (70
free energyG; . Variation of B w§

and
2 1 T2 3 1 ~ ~ 243
sh=y | PP0d=; | [Bs(0—F(0Pd (64 ) 2 3
(Be+3Cé%)a+Ca’=| Bg+ ——|a+Ca’=h, (71

with conditions(41), (45) and the assumption that the distri- B
puuon; of,us., ks can be approximated by a Qaus&an fl."nc'where it is considered that
tion with variances gives the result th@?3) attains a maxi-
mum for 52=62IB2. (72

T(X)=— (85! 55) s (X). (65  These relations complete the RFGLM equations.



902 Low Temp. Phys. 28 (12), December 2002

A. S. Bakai

The impact of the chemical potential fluctuations on thejump at T=T,(5,,P), accordingly to(80), is ~(&,).

location of the critical point is seen froiirl), (72). On the
coexistence curveT(=T,) these equations give

Bea+Coa®=0, Be=Bg+3C.5>. (73

Equationg(72) has only one solutiong=0, with B,>0, and
two additional solutions

@y =+ (—Be/C)*? (74)

with B,<0.
With @?=0, i.e., on the coexistence curve above the
critical point, the equatioi72) has just one solution,
57 )1’3 2B,
52 ~(— -—, (75
11ocs 9C,
if
5% 1/3
Be>Be —9Ce( chg) (76)

For B<B,. anda?=0 the equatior(72) has three real so-
lutions. The additional two roots turn out less thap;.

Because the free ener@y, is proportional to— 62 it has a
minimal value for 5= &2 ;. Therefore the aforementioned
additional roots 0(72) W|th B¢<Bg ¢ belong to unstable and
metastable states and are not of interest to us.
A similar analysis witha#0 shows that Eq(72) has
three real roots with
5% 1/3 .
144C3 70

The smallest of thems? ,, is
57 . 3C,82
4B, |7 ’

2B
|Be_ Be,c1|>|Be,cl|;

52 :( 5% ) 1/3[ 1— 2( Be,cl_ Be) 1/1
@27\ 24C2 Be.c1 '

BeN | Be,cl| . (78)

It provides a minimal value of the free ener@yhich is less
than that witha®=0 and %= &% ;) when

—2(Ce2) ™=, (79)

Thus the average value of the order parameterfor B,
=B} is nonzero:

Be<Bec1=— gce(

531,2”

Be,cl_

B.<B}~

a>a,~(B/C,)Y? (80)
for Be<B} , buta=0 for B.>B} .
Th|s result shows that &,= B* ,i.e., at
Apin P,T
T(8,,P)= M_ _O(Cgﬁ)lB
2 2
ko 2\1/3
Te(0)~ 5 (C&)™”, (8D

a first-order phase transition takes pla€g.0) is the critical
temperature of the system fér=0. The order parameter

Thus the random field changes not only the critical point
location but also the order of the phase transition.

A similar result is known for the mean field version of
the random field Ising modéRFIM) with a frozen-in ran-
dom field?9-3°

The relations obtained show that for

|Be|:AOTO<2(C95§)1/3 and |F|<’ﬁmax (82

the random-field-driven fluctuations of the order parameter
are dominant. Taking into account the conditi@6), the first
of relations(82) can be presented as follows:

2(Co62) Y3 Agky 2. (83

The relation (82) determines the critical region of the
RFGLM, whereB~ (C,57)* and
R3~ro(Ag/B)¥2~r3(AdICsD)Y2 (84)

Condition (51) and relation(84) show that the correlation
effects considered are relevant if
18-|—6C5 T6C5

A KA
Noting that the coefficientd,, C, T all are of the same order
of magnitude, we see that conditidd5) is compatible with
condition (83).

The condition (69) in the critical region (where B
~(Ce82) Y3~ (T A3 reads

2(1-2x)
W’r% Inceq(h),

(85

52>
hrO

h?>h2= (86)

X= 5h/T

Thus the RFGLM used here is valid when the variance of the
random field obeys the conditioi85) and LRC are setting
in, if there are some CDs for which the inequalii6) is
fulfilled.

5. LONG-RANGE DENSITY FLUCTUATIONS

It follows from (24)—(26) that the specific volume of
liquid is

UZE(Uf—i_Us)_(vf_vs)a’(X)- (87)
Density fluctuations include the conventional thermal fluc-
tuations Sp(x) aroundp and the random-field-driven fluc-
tuationsp(x). It follows from (42) and(87) that the random-
field-driven density fluctuations have the following pair
correlation function:

—<p(X)p(X1)> ( ) (@a(x)a(xq))

Us™ Vg
v

2~
H(|x—x4])
B2

(88)

Noting that the correlation functio(88) has to be added to
(37) to get the complete pair correlation function, we have
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[< Sp1(X) Spr(X1)) + (P(X

2
Us— Vg
v )
(6s+6p)% 1 r
X— exp ——|.
B2z 3P ¢

The first term of the right-hand side 89) is proportional to
B! (see(38)), while the second is~B~2. Therefore the

1
p__2<5P(X)5P(X1)>— = )P(X1))]

1
= KTTV O(X—Xp)+

(89

random-field-driven density fluctuations are dominant when

condition (85) is fulfilled.
Fourier transformation of89) gives the spectral compo-

nentsdpj:
2 L1 [ 2(6+6)% T(D-1)
vl ] m g e
D .
sin(D—1)arcta
y 5) (D~ Darctaniqg)] 90
Re qé

wherel'(x) is the gamma function.

The second term of the right-hand side(86) describes
the random-field-driven heterophase fluctuatis It has
simpler forms in two limiting cases, with smaijl and with

gé>1:
f(vs—vf ?(8+ 50D [ &\°
— — —1| , gq—0,
v B2 R
P (vs—vf *(55+ ) T(D-1) E)D
p? v B2 (99° \R.
o
XSin(D—l)—], gé>1.
L 2
(9D

6. TIME-DEPENDENT GL EQUATIONS

The HPFs have short-range correlation on a scale
~R, and long-range correlation with~¢. The parameters
52 and ¢ and the Fourier componentfx,} are time-

dependent quantities. Conventional dynamic equations for
them describe the short-range and long-range relaxation as
well as the ultraslow modes. We are using here the time-
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28:8¢>TBlzsq, (94)

e., if the fluctuations of the produ¢92) are much smaller
than its average value.

The solid—fluid short-range order correlati¢64) re-
laxes to the equilibrium valu€9?) if the condition (94) is
fulfilled. An elementary short-range structure transformation
involves not a single molecule but a group of them. The
conventional name of such a group is the cooperatively rear-
ranging domainCRR). The part of the average free energy
of the CRR which varies withs? (1) is

crr

(99

< crr> (t)

wherez.,, is the number of molecules in the CRR.
The average free energy deviation from the equilibrium
value of these molecules due to the difference

ASR(t) = Sh(t) = 5(>) (96)
is evidently ~z.,B"'A &2, and thus the dynamics of the
short-range correlation is described by the following equa-
tion:

L a5 o Sus(t) Sus(t))
2 gt at
——i B 20t) - 88 (97)
- 27, h h '
where 7, is the CRR rearrangement time, which is the

a-relaxation time.

The Langevin term is not included i®7). It is not im-
portant under the conditio®4). It is seen thatr, is a char-
acteristic relaxation time of the short-range correlations.

6.2. The long-range relaxation

To describe the relaxation kinetics ¢{t) we assume
that a fractal cluster consisting of CDs with the same value
of h appears as a result of an aggregation process of CDs in
analogy with the aggregation of small species which are
forming fractal structured! The kinetic equation of fractal
cluster formation in the simplest form is

D ~ ~
é(h,=)—&(h,t)
&(n,)

~ 1—
&b
R,

FEGRY
ot

. (99

R
D ¢

dependent GL approathto describe these relaxation pro- whereT, is the growth rate of the fractal. The last term on

cesses and ultraslow modes.

6.1. Short-range correlation relaxation
It follows from (65) that in equilibrium ¢— o)
(Tes(X O T(X, )~ — 858

and

82(e0) = 82+ 82— 2(us( X, ) frs(X,0) )= ( S5+ )2
(93)

(92

In (92), (93) the thermal fluctuations of the random fields
within a CD are not taken into account, as is justifiable if

(see(52)

the right-hand side describes saturation of the fractal growth
when the correlation length approaches its stable equilibrium
value £(h,), determined by58). To get an estimate df,

we note that the free energy of a CD within a fractal cluster
of correlation lengthé(t), as is seen fron(63), is

Zeg C f b-1
Gea(h? f)— " ohz[l +4e7? R+ £
%ZCng h31+4e 1-(D- 1)—”. (99)
8A,r2 &
Then
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R, z.c(h) ag Zey Cog(MR2 R This equation determines the form of the ultraslow mode
~—== —CRC=(D—1) ) C——zc spectrum.
o, T 9¢ 2eA 71, T ¢ : - :
@ @ Because the CD transformations which are controlling
h2 chl the fractal growth are also responsible for the fractal struc-
=D-Dyys—=7- (100 ture rearrangements, we can put
2eAT ¢
71~ ¥oR: and y,~ yoRe. (107)

In (100 7, is taken as the characteristic time of CD rear-

rangementR. /7, is the rate of the one step of the cluster The factorsRﬁ, R‘C1 are included to preserve the correct di-
growth; T~ 1R.dg.q/d¢ is the thermodynamic driving force mension ofl"y. Itis seen from(104), (106), and(107) that

of the fractal growth; the terns.4(h) is introduced to take the ultraslow mode spectrum has the following form:

into account that just.4(h) of CD transformations result in 2. B

~ Aq -
the formation of CDs specified by the field strength wyus(q) = (y19°+ 72014)( T ) =¢;ByoR20?
The solution of(98), (100) with the initial condition

£(h,00=0 and &() — £(t)~&() (not very close to the c1A+Cc,BR2 s
equilibrium valug is T YoR:q"+ ...
~ 1/D+2
- (D-1)(D+2) h?R? 3 e
- 11 Cy
€h=R D 2eAT 0! (103 ~C1yoRea’ | 1+ —— R§q2>, (108

To estimate the growth-rate exponent it s_hould be noted th%herecl andc, are someg-independent coefficients which
for D=1.5-2.5 the exponent I+ 2) varies from 0.29 10 ¢4 he considered as constants in the critical region. The

0.22. . ) resulting expression of the ultraslow mode spectrum is ob-
; In the vicinity of &(<), for [£(<) ~£(1)| <&(), the dif- 0y taking into account th&/B~Tr3/B~R2,
erence|£() — &(t)| decreases exponentially, as is easy to
see from(998).

The solution(100) describes the kinetics of fractals with 7. DISCUSSION AND CONCLUDING REMARKS

the specified field strength. this result has to be averaged In the theory developed, based on the concept of het-
with the distribution(52) to get an averaged description.  erophase fluctuations, the multiplicity of the SRO, which is a
The relaxation time of the long-range correlatiaR,,  pasic property of the glass-forming liquids, is taken into ac-
can be estimated by substituting int®1) £, andsyinstead  count, In particular this property manifests itself in the de-
of £ andh?: veloped inherent structure and in the free-energy
b 2eAT [£,,\0+2 landscapé/?® The free-energy landscape results in the ap-

Trel™ D-1)(D+2) RS (R_> (102 pearance of the random-field term in the GL equations.
c%h Yo\ Ne The relation of the present theory to the other models of

supercooled liquid and to the theory of the critical fluctua-
6.3. Ultraslow modes tions was already elucidated. To emphasize this connection it
To get a dynamical equation for the Fourier component$hould be noted that the RFGLM developed can be reduced

@, of the long-range order parameter fluctuations, the fred0 the models of supercooled liquid proposed in Refs. 13-23.
energy(45) has to be presented in a proper form: For example, to get the equations of two-state modeél
from (26)—(30) we have to puts?= 6?=Au;=A=0, and
k0: 1.

Multiplicity of the short-range order results in polychro-
matic fractal heterophase structure. Polychromatic cluster
__ EE (Aq2+~B)|712| (103 structures are described, e.g., in Ref. 33 in connection with

24 ar the percolation problem. If clusters have a property described
by a parameter, this last one can be used as a “color” speci-
fying a cluster. In a three-dimensional system the percolation
threshold is about 0.15. Thus several interpercolating clusters
g (109 can form a polychromatic structure. Along with that, any

number of differently colored clusters can coexist if they
H~e2re_the Langevin force providing the equilibrium value of ) ,ye finite correlation lengths. In the heterophase liquid
(a@g) is omitted because our main goal is to get the spectrumays the role of CD color. It parameterizes the chromatic

- 1~ 1 ~
Gl=—§J h(x)ﬁ(x)d3x=—§% 8

Then the time-dependent GL equations Ty are
Fg__ 136 [ACHB
at 9T Jay a T

of ultraslow modes. spectrum of CDs. The correlation lengths are finite. Thus
In an isotropic medium Fischer clusters are polychromatic fractal aggregations. A
I'=To+ Y1+ o+ ... (105 §pecific feature of thege polychromatic structures is the abil-
ity of a CD to change its color.
As follows from textbookdge.g., Ref. 32 the parametel It is worth noting that if the condition$51), (69) are

':&‘é;;;?i% I?_hee?lé?;réo 0 due to conservat|0n|@§=o| satisfied, the fielch changes the criticalitythe mean field
' approximation is corregt the location of the critical point
Iy= Y192+ g+ ... . (106 (81), and the order of the phase transition at the critical point.
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The order parameter jump &L(5y,,P) is ~(8,/Te)*°. Re-  a thermodynamic phase transition due to the singular behav-
lation (81) shows that the random field lowers the critical ior of the thermodynamic coefficients, e.g., the compressibil-
temperature. This is one of reasons why the majority of thaéty or thermal expansion. Therefore polymorphous phase
glass-forming liquids do not have a polymorphous liquid—transitions in the glassy state have to be sensitive to struc-

liquid phase transition. tural correlations that depend on the thermal history of the
Since the mean field mod€l3) is isomorphic to the van liquid.
der Waals theory of the critical point ari@6) is a generali- Recently anomalous behavior of the thermal expansion

zation of this theory taking into account the gradient term,coefficientA(T) of pure and inert-gas doped fullerite &t
one could ask why the random fief(x) does not play a <20 K was observed:*Fullerite Gy, is a fcc cubic crystal.
significant role in the critical fluctuations of gas—liquid sys- Due to the fivefold symmetry of the ¢ molecules, long-
tems. It is due to predominance of the thermal fluctuations if@nge orientational order is impossible in fullerite. For this
the gas—liquid critical region. The Ginzburg number is near 1€ason fullerite is an orientational glass beldy=90K.
for the gas—liquid phase transition, i.ea/(,)®~ 1, and con- Impurities distort the crystalline structure and disturb the in-
ditions (36), (82), and (85) are not fulfilled. According to termolecular interactions in the fullerite. The thermal expan-
relation (36), the Ginzburg number is proportional tqz' sion coefficient depends considerably on the concentration
Therefore within the gas—liquid critical regidqufvl ie. and kind of inert gas impuirities. It is remarkable that hyster-
the assossiativity of the molecules is smalll, and the fluc-  €SiS OfA(T) was observed af<20 K in krypton-doped ful-
tuational region is rather wide. In the solid—fluid system thel€rite. It is attributed to a phase transition connected with
correlation radius far from the critical pointy, is approxi- ~ changes of the short-range orientational order of then@I-
mately equal to the radius of the first coordination shell.€Cules. One can expect that the observed hysteresis phenom-
Thereforek, is ~10 in this case and, according (86), the enon depends considerably on the concentration of krypton

mean field theory has a wide region of applicability even if2nd on the thermal history of samples BT, due to
R(x) is neglected changes of the short-range and medium-range orientational

The random-field-driven LRC qualitatively differs from ordel\;l;r;] th]((aruci)trflsln tdaiggﬂglsilc'ggdw?ttﬁt% W. Fischer are cor-
the conventional critical LRC. The former LRC possess thedially acinowledged T
properties 3-5) of the Fischer clustefsee Introductiop This work was éupported in part by the Science and
while the latter LRC cannot have them. In Refs. 18 and 19 "Technology Center of Ukraine, project N655
was attempted to identify the Fischer cluster as critical fluc- ' '
tuations, assuming that the critical temperature is belgw .
The analysis performed in Ref. 12 shows that the theory
proposed in Refs. 18 and 19 for the LRC observed by Fiss—
cher et al. in ortho-terphenil does not fit the experimental 'H. Silescu, J. Non-Cryst. Solid43 81 (1999
data even if the features)—35) of Fischer's cluster are ig- ZE: W. Fisc’he.r, Ch. Beck.er, I.-U. Hagenah, .and G. Meier, Prog. Colloid
nored. Polym. Sci.80, 198 (1989.

Glass inherits the structural features of supercooled lig-’E- W. Fischer, G. Meier, T. Rabenau, A. Patkowski, W. Steffen, and

. . _ _ . W. Thonnes, J. Non-Cryst. Solid81-133 134 (1991).
uid. For this reason short-range and long-range correlatlonsE_ W, Fischer, Physica 201, 183 (1993,
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In this work we consider several exactly solvable models of magnetic impurities in critical
quantum antiferromagnetic spin chains and multichannel Kondo impurities. Their ground-state
properties are studied, and the finite set of nonlinear integral equations which exactly

describe the thermodynamics of the models is constructed. We obtain several analytical low-
energy expressions for the temperature, magnetic field, and frequency dependences of important
characteristics of exactly solvable disordered quantum spin models and disordered
multichannel Kondo impurities with essential many-body interactions. We show that the only low-
energy parameter that gets renormalized is the velocity of the low-lying excitaborise

effective crossover scale connected with each impuribe others appear to be universal. In our
study several kinds of strong disorder important for experiments were used. Some of them
produce low divergences in certain characteristics of our strongly disordered critical systems
(compared with finite values for the homogeneous case or a single impurdy weak

disorder, or for narrow distributions of the local Kondo temperatures, our exact results reveal the
presence of Kondo screening of disordered ensembles of magnetic impurities by low-lying
excitations of the host. We point out that our results qualitatively coincide with the data of
experiments on real disordered quasi-one-dimensional antiferromagnetic systems and with

the similar behavior of some heavy metallic alloys. 2002 American Institute of Physics.
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1. INTRODUCTION ity. That is different from the predictions of the theory of the
overscreened Kondo effet?.

The study of the behavior of magnetic impurities  The |ast property together with the alloy nature of com-
coupled to paramagnetic hosts remains one of the most insounds suggests that disorder random distribution of lo-
teresting problems of the many-body physics. The Kondqgjizedt electrons or a random coupling to the conducting
effect! which describes the exchange interaction between thglectron hostmay play the main role in the low-temperature
spin of a magnetic impurity and the spins of itinerant eIec—NFL character of such systems. The idea(oonscreened

:Lons, Ls Eerhiﬁsathﬁkbest know? e>:§1mple in Wh;ﬁh mOderfbcaI moments existing in disordered metallic systems has
eoretical methods like renormalization grofG) theory, already been formulated recently.?® It was proposed that
Bethe ansatz, bosonization, conformal field theory, etc. have

: ) _ fAear metal-insulator transition®r for sufficiently alloyed
displayed their strengtfi.* The crossover from the strong systems far from the quantum critical poimtisordered cor-

coupling to the weak coupling regime is one of the most . . .
famous examples of nonperturbative effects in condense[nelated metals contain localized moments. The change in the
matter theory Interactions between impurity sites and host spins can be

In the last few years, interest in the non-Fermi-liquid considered as a modification of the characteristic energy

(NFL) behavior of magnetic systems and metallic alloys hasc@/e: the Kondo temperatufg . At that scale the behavior
grown considerably. A large class of conducting nonmagneti@f the magnetic impurity manifests the crossover from the
materials does not behave as usual Fermi liqufdiss) at ~ Strong coupling regiméfor T, h<Ty, whereh is the exter-
low temperatures. One of the best-known examples of suchal magnetic fieliito the weak coupling regim&,<h,T.
behavior is the Kondo effect for multin) channel electron The impurity spin behaves asymptotically free in the weak
systems: For an impurity spin less thai2 a NFL critical ~ coupling case, and it is screened by the host spins in the
behavior results.The critical behavior of a single magnetic Strong coupling case. The random distribution of magnetic
impurity can also be connected with a quadrupolar Kondesharacteristics of the impuritie@.e., their Kondo tempera-
effect or nonmagnetic two-channel Kondo effé¢iowever, tures may be connected either with the randomness of ex-
for most dirty metals and alloys in which the NFL behavior change couplings of itinerant electrons with the local
has been observedee, e.g., the recent review¥ and Refs. momenté? or with the randomness of the densities of con-
11-20, the magnetic susceptibility and low-temperature duction electron statés.In fact, both types of randomness
specific heat usually manifest logarithmic or weak power- renormalize the single universal parameter—the Kondo
law behavior with temperatur&é. The resistivity decreases temperature—which characterizes the state of the magnetic
linearly with temperature, showing a large residual resistivimpurity. In Ref. 16 the results of the measurements of the

1063-777X/2002/28(12)/14/$22.00 907 © 2002 American Institute of Physics
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magnetic susceptibility, nuclear magnetic resonaiM@R)  tion of magnetic impuriti€¥“” without destroying the exact
Knight shift, and low-temperature specific heat have beeolvability. Hence, for a random distribution of magnetic im-
reported. To explain the observed features it was necessary frities we can suppose that low dimensionality is not essen-

assume some disorder, with a Gaussian distribution of thgg| for the Kondo screening. The absence of magnetic order-
Kondo temperatures. However, the model used for the explqﬁg in the NFL Kondo systemf€® also confirms this

nation of the experiment was oversimplified by an inad'assumption
equate representation of the Kondo magnetization by the The goal of our present study is to find exactly the

simple replacemenT—T+bTy in the Brillouin function, . . :
B(ah/T+bT,). with which the magnetization of a single ground state and thermodynamic characteristics of disor-
K dered ensembles of spBi- magnetic impurities in magneti-

magnetic moment was approximat@dandb are some con- o i o . o TS

stant3. It was noted® that the data for the specific heat and cally uniaxial spinS chains in the critical region, i.e., in the
Knight shift did not agree with the predictions of that simple domain of values of the magnetic anisotropy where excita-
theory, especially for nonzero values of the magnetic fieldtions of the homogeneous host are gapless. As a byproduct,
The inhomogeneous magnetic susceptibility was confirmeave find the exact solution to the behavior of random en-
recently* by muon spin rotation experiments. The role of thesembles of multichannel Kondo impurities, coupled locally
long-range Ruderman—Kittel-Kasuya—YosiRKKY) cou-  to the free-electron host with an “easy-plane” magnetic an-
pling between the local moments was taken into accounisotropy of that coupling. We allow for variousndomdis-
recently>*® (Griffiths phase theody and the model was tributions of the impurity—host couplings for arbitrary values
found to exhibit properties qualitatively similar to those of of external magnetic field and temperature. The magnetic
models with noninteracting local momerfsn addition, the anisotropy parameter is assumed to be homogeneous for the

presence qf the spin—orbit interaction in some di;ordgreﬂost spins and for the impurity spins. In this paper we show
heavy fe_rm|on alloys demands '_[he stud_y of magne_nc ams.Otfhat for several kinds of strong disorder of the impurity—host
ropy, which can play an essential role in the physics of dis-

ordered spin interactiorfS:2° cguplings the(Kondo)_ screeni_ng is absgnt, but for a weaker
Another interesting topic of research, which is related tod!SOrder the quenching persists, but with a NFL temperature
the one mentioned above, is the behavior of disordered madrehavior of the magnetic characteristics. We also show that
netic impurities in one-dimension4lD) antiferromagnetic  the magnetic field lifts the degeneracy and effectively en-
(AF) spin chains. Here we can mention several experimentdances the quenching of the impurity spins, hence decreasing
on spin chaing’~%° The theoretical works devoted to the the effect of disorder.
description of disordered magnetic impurities in critical spin ~ This paper is organized as follows. After the introduction
chains have mostly involved the approximate RG treatmenin Sec. 1, the Hamiltonians for the spin chains studied are
of the problen?'**Recently, however, we proposed an ex-introduced in Sec. 2. Section 3 is devoted to the standard
act solution to the problem of the behavior of spin-1/2 AF Bethe ansatz equations of the problem, and to the connection
quantum _spin chain coupled to disordered magnetiGyith the multichannel Kondo case. In Sec. 4 we present the

impurities; which was later generalized to the deScrip'ground-state properties of the systems considered. The ther-

gﬁgirc])lgglsordered magnetic impurities in correlated eIemronmodynamic Bethe ansatz is introduced in Sec. 5 for random

It . . . ensembles of magnetic impurities in the “easy-plane” spin

is known that the physics of a single magnetic impu-~ "~ , o

rity in a 1D AF Heisenberg spi§=1/2 chain and that of a chains and the multlche_mnel Kondo situation, by use of the
single Kondo impurity in a 3D free electron host are de- duantum transfer matrix” approach. In Sec. 6 we present

scribed by similar Bethe ansatz theodé<'®*e.g., the mag- Our results for the temperature and magnetic field depen-
netization and the low-temperature magnetic specific heat olence of the magnetic susceptibility and the specific heat
the impurity for the two models coincide. The Heisenbergobtained analytically and compare them with numerical cal-
model is the seminal model for correlated many-body syseulations of the nonlinear integral equations. Section 7 con-
tems. Most of its static properties are exactly known. Atains concluding remarks.

single spin-1/2 magnetic impurity in the AF spin chain and

the Kondo impurity manifest total screening with ttrear-

ginal) FL-like low-temperature behavior of the magnetic sus-

ceptibility and specific heat, i.e., the finite values y(fT)

and ¢(T)/T in the low-temperature lim#>442In other 2. BETHE—ANSATZ SOLVABLE HAMILTONIANS

words, the moment of the impurity is quenched by the local-

ized host spins or by the spins of the conduction electrons, In our treatment we shall use the Bethe ansatz method
respectively. The magnetic anisotropy of the Kondo ex-for a review, see, e.g., the monogréptand references

change interaction between the impurity spin gnd the spins %ereir). Let us start Witmﬂigwl(u), the standardR matrix
the free electron host has also been taken into account ex- ) o P )
actly for the single Kondo impurify?® and for a magnetic of a spinS chain with uniaxial easy-plane anisotrofsee,

impurity in a AF spin chaif**° It was pointed out that the ©-9., Refs. 44, 45, 49The indicesa; and8; denote states of
magnetic anisotropy does not change drastically the Kond&e spin at sitei (acting in the Hilbert spac&/;), and u
effect of a single impurity. On the other hand, for the inte-denotes states in the auxiliary spdeslbert spaceV,). The
grable lattice models one can incorporate a finite concentraR matrix has the form
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sinhy[i2(2S—1)—u]
sinhy[i2(25—1)]

sinhy[i2(2S—1)+u]
sinhy[12(2S—1)]

i=]

xﬁ 2 sirf yXia—sinyp siny(p+1)
p-0 siny(j—p)siny(j+p+1)
P+ ]

: @

whereu is the spectral parametey,is the parameter of the
(easy-plang magnetic anisotropy, the operatBr permutes
the space¥,; andV,, and

N 41 o
XiazelySI E[S|+Sa+3 S;]

cosyScosy(S+1)
+

Zsz
siny S5

sinySsiny(S+1)
Sir y

where S*=S*+iSY, and which in the limit of the S(2)-
symmetric system~—0) simplifies toSS,+S(S+1). The
R matrices satisfy the Yang—Baxtéiriangle relations®*®
The row-to-row(from the viewpoint of the associated statis-
tical 2D problem), “standard” transfer matrixrg(u) has the
form of the trace over the auxiliary space of the produdrof

matrices with the same values of the spiB8sin sitesi

cosyS cosySE |e 7%, (2)

L
ey )=2> I RE%i1(u,6), 3)
w o i=1 P

wherelL is the length of the quantum chain amd are the

inhomogeneity parameters, which are shifts of the spectral

parameter. TheR matrices satisfy the Yang—Baxter equa-
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the situation. For example, for a sp8i-impurity introduced
into the spin-1/2 Heisenberg chain we have;
=5S+1. The impurity part of the Hamiltonian has the
form, say for thejth impurity situated between sites and
m-+1 of the hosté#1°0

S'+1
2

imp—

H

21-1
6j2+ } | (Hm,imp+ |_|imp,m+ 1)

1
Z+3S’(S’+1)

+{Hm,impa Himp,m+l}_

: 4

X Hm,m#—l_2i aj[Hm,impiHimp,m+l]

wherel[.,.] ({.,.}) denotes théantjcommutator. One can see
that ;=0 andS’=1/2 corresponds to the simple inclusion
of an additional site coupled to the system by the bulk inter-
action. On the other hand, fé— o one obtains an impurity
spin totally decoupled from the host. For the easy-plane spin-
1/2 chain with spin-1/2 impurities we haife

sirt y

=—————{BI(Hp imp.Hi
Sinhzaj—i—sinzy ( m,imp Imp,m+1)

|_|imp

tanhaj

®)

_Hm,m+l_i2 . [Hm,imp:Himp,m+l] '
siny
where the operatoB! modifies the Heisenberg-like interac-
tion by multiplying the transverse terms by cagh For the
isotropic SU2)-symmetric spinS host the structure of the
Hamiltonian is more complicated@without the impurity it
corresponds to the Takhtajan—Babujian chaid with
S+8' i S+8'

>

j=|S—S'|+1 k=|S-S'|+1

k
T

X=X

ab™ VR
1=js-s'| X T X

©6)

tions, and, hence, the transfer matrices with different spectral

parameters commuf&. The Hamiltonian of the uniaxial
spinS quantum chain with impurities of the same sg#n

x=8% (a,b=m,m+1,imp), and X;=j(j+1)—S(S+1)
—S'(S'+1). Note that in this case the overall multiplier is

is obtained as the derivative of the logarithm of the transfef ¢+ (S+S')?1"* and the coefficient in front oHm m 1

matrix with respect to the spectral parametgaken at
u=0).
The Hamiltonian of the uniaxial spi8-chain with spin-

S’ impurities is obtained as the derivative of the logarithm of

becomes-2S' (S’ +1)— (S’ +S)?. For the anisotropic case
one has to replace by )A(m,mﬂ, cf. Eq.(2), andx; by the
appropriate coefficients from E¢l).

If two impurities are situated between two neighboring

the transfer matrix, which is the trace over the auxiliaryhost sites, they can interadirectly, e.g., for the isotropic

space of the product dR matrices withdifferent values of
spin (Sfor host sites an®’ for impurity siteg in the spaces
V,;, with respect to the spectral paramefaru=0). Notice
that R matrices with different values of the spins for the

case the impurity—impurity part of the Hamiltonian is
Himp-imp= 2 HjZJ{mpH,-,jH; for illustration, see Fig. 1. These
impurity—impurity couplings can model, e.g., a RKKY inter-

action(one of short range thouglbetween the impurities in

quantum and auxiliary spaces mutually satisfy the Yang-oncentrated metallic alloys. In the following we shall study

Baxter relations. The Hamiltonian has the form

H =§j: 2Hj,j+1+ Himp+ Himp—imp

(the host exchange constalis set to 2. In general, the form

the case with amallnumber of such neighboring impurities.
One can independently incorporate any number of impu-
rities, described above, into the host spin chain. Each of them
will be characterized by its own coupling to the host, i.e., by
its own ¢;. The lattice Hamiltonian has additional terms,
which renormalize the coupling between the neighboring

of the lattice Hamiltonian is very complicated; it depends onsites of the host, and three-spin terms. However, it has been

S §', 6;, and the anisotropy. We can directly write down

showr® that in the long-wavelength limit such a lattice form

several important limiting cases of the Hamiltonian to clarify of the impurity Hamiltonian yields the well-known form of
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impt J°  imp2 s=S for the host sitegwith #;=0) ands=S' for impurity

sites, whered; can be nonzero. The energy of the state with
the z projection of the total spin, characterized My is equal

——Iney(u;). (8)

m-1 m m+1

FIG. 1. lllustration of the impurity—host and impurity—impurity interac- This formula is valid for the cases in which the lengths of the
tions. Here in the simplest case of the isotropic Heisenberg interactions|sters of neighboring impurities which interact with each
the local impurity—host exchange constaiFt=2[02+(S+S’)2] ! and ’
, " other, are small.
J'~26;J in units of the host exchange constant 2 . .
It is easy to show that the behavior of the ensemble of
multichannel(with 2S channels Kondo impurities, each of

the contact impurity—host interaction, similar to that of theWhich is coupled to the free-electron gas via its own easy-
usual Kondo probler The contact impurity coupling in plane-anisotropic local exchange interaction, with the Hamil-
this (conforma) limit is also determined by the same con- tonian
stantg; . We also point out that it was shown that the mag-

netic behavior of the impurities in the bulk and the magnetic

behavior of the impurity situated at the edge of the chain T
(where the renormalization of the coupling between the
neighboring sites of the host and three-spin terms can be

Ekcklocklo+ 2 o(X—X;)

2S

eliminated, and the only interaction between the impurity le {AJ[(S')J']2+Jfar(sr)iz(cz,lmcx,ln

and the host is the standard two-spin exchange interaction

coincide?"® Finally, we would like to note that all the im- cli Can )+ (S el G

purities considered in our work arelastic scatterers, i.e.,

each excitation only changes its phase when scattering off +(SHy el eI 9

each impurity, but is not reflected. It is worthwhile to note
the same property holds for the theory of a standard Kondwherec] , creates an electron of chanrekith the spino
impurity in a free-electron hodt® Equally important to men- and impurities are situated at sites, can be also described
tion is that we are studying kattice model, and, hence, all within the Bethe ansatz scheme. In the scaling limit for small
two-particle scattering processes, in particular, from onemagnetic anisotropy one ha¥®=2y/ aﬁp, JPeP=gPai(1
Fermi point to the othetbackscattering are taken into ac- — 6;/3), andA;=—JP*5;/3, wheres;=(6; /2)+(y2/8) and
count in our work. However, we emphasize again that oup is the density of states of conductlon electrons at the Fermi
model (as well as the exact solution for the Kondo problemlevel. In this case the low-energy spin behaviohich is the
in metal$?® does not describe reflecting impurities. most important one for the Kondo impuritjeis determined

The Hamiltonian and other integrals of motion, which by the solution of Eqs(7), while the energy is determined
can be constructed in a similar way as higher-order logarithvia
mic derivatives, commute with the transfer matrix.

Ex=Lek=— SIH(Z’yS) E Ineg(u;). (10

3. BETHE ANSATZ AND RELATION TO THE KONDO o =

PROBLEM .. N
The condition of applicability of the Bethe ansatz scheme for

The eigenvalues and eigenstates of the above-mentioneghsembles of disordered impurities is the presence of large
problem are parametrized by the quantum numipesidi-  enough numbers of magnetic impurities with equal exchange
ties) {uj}Jle, whereM is related to thez projection of the  constants, while those constants for other impurities can be
total spin asS*=(S+S'Cimp)L—M, wherel is the total randomly distributed. For small enough impurity concentra-
length of the chair(including the impurity sitesandcin, is  tions the probability of having long clusters of impurities
the concentration of impurities. Notice that the Hamiltonianconnected by the direct impurity—impurity interactions is
commutes with the projection of the total spin; henc&®  small, and in the thermodynamic limit— one can neglect
enumerates all possible states. We shall consider not vetje contribution of such clusters. In this case the contribution
large concentrations of impurities. Those rapidites are thef each impurity(or of each small cluster of directly coupled
solutions of the Bethe equations impurities is additive and we can solve the problem for

each impurity(clustep, determined by the local exchange
- coupling constantrelated to6;) and, then, introducing the

,Hl €25(Uj— 0j) = _kljl €2(Uj— Uy, (7)  distribution of ¢; over the chair(in the volume of the metal

for the case of the Kondo impuritigsaverage the answers
wherej=1,..M, for the thermodynamic characteristics. Such an additive
property is a consequence of the exact integrability of the
sinhy(x+in) problem and is strictly connected with the structure of the

A= sinhy(x—in)’ Hamiltonians considered. It turns out, however, that in the
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long-wavelength limit the *“triangular” structure of the 4. THE GROUND-STATE BEHAVIOR
impurity—host interaction actually produces a local contact

impurity—host interactiof® %% and the *“fine-tuning” Let us first study the ground-state behavior of the sys-
structure of the couplings between magnetic impurities andems considered. In the absence of magnetic field the

r{ﬂ in(s,S' r{(”—z— ss')
sin ymm(, )|sin 2y mmaxsS,S) |w

a sin(2yS :
en( )= — TS [ eitrony 1y , (11)

4yS . [ Tw
sinh(rw)sin >
|

and the total ground-state energy is equal to Let us illustrate this with the help of the ground-state
behavior of impurities in small magnetic fiehd The ground-
T state energy per site is equal(tee shall consider sufficiently
Eo= 2,: e0< Y o], (12 small y<w/29)

, . . . €o( 8 ,h) =eo( ;)
where the sum is taken over all the sitdsr sites without

impurities we getey(0)). Notice that forg;=0 and forS’ o

y+(—> sin(wwS")

=S the impurity is just an additional site of the host, the .
] , o — | dwdemi! (14
ground-state energy per site of which is To
2 cos}f 7) sinwmS)
7 Sin(2yS)
€(0)=— Ta4ys for S'<S and
2 (S —S)h
sin ﬂS sin 7T——TrS 1) eo(aj,h)zeo(aj)_—_zs
4 2y ey
X f dw . (13 )
. . Tw TW T
SIﬂf’(ww)Slﬂl‘(— y*| —/]sinh | =— 7S’
2 f do domoy Iy 0% 2y
N _ T2y 70| 72
For the Kondo impurities Eq11) can be used with the over- 2 cos —|sinf w| 5= TS
all multiplier 1/2. _ Y
The coupling of the impurity to the hosﬂ{gqp) is deter- (15

mined by the cor_lstam,- : \We can shOV\(see_ also Refs. 41. for S'=S. Herey " (w) is the positive part of the solution of
and 50 that precisely this constant determines the ef‘fectlvethe equation

Kondo temperature of the impurity in a spin chain Vig

cexp(— ’7T|6j|). For energies higher than this crossover Kondo - , a sin(2yS)
scale one has the asymptotically free impurity sgiwhile y(u)+ fo du’y(u)I(u—u") =5+ (U+B)
for lower energies the impurity spin is underscreened for 4yScos T

S’ > S (with the Curie-like behavior of the remnant effective

spinS' — 9), totally screened fo8’' =S (with the usual mar- o

ginal FL-like behavior persisting with the finite susceptibility =- f du'y(u")J(u+u’+2B), (16)

and linear temperature dependence of the specific heat at low 0

temperature, and, hence, finite Wilson ratio in the groundyhere the Fourier transform df{x) is

state and overscreened f@&' <S (with the critical non-FL

behavior of a single spt It is similar to the findings in the : ._(ﬂ) . )’( 7'”*’)
. o ' sin sin

theory of a Kondo impurity in a free-electron matfi.In 2

other words,f# measures the shift off the Kondo resonance Iw)= yo p

(higher values of|6;| correspond to lower values on the 2003767) sinh( VwS)Sin”{w(E—“Ys)

Kondo scalg of the impurity level with the host spin excita-

tions, similar to the standard picture of the Kondo effect inand B is connected with the value of the external magnetic

the electron host. The difference between the two models iBeld. Notice that for the Kondo problem the right-hand side

that in the free-electron host the spins of free electrons screesf Eq. (16) is small and is usually droppe@ee, however,

the magnetic impurity, while in the spin chain the low-lying Ref. 54. Equation(16) for small fields can be solved as the

spin excitationgspinons for the AF chajnquench the spin  sequence of Wiener—Hopf equations. It also gives the con-

of the impurity. nection betweein andB:

2

(17
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e w2 sin(2yS)

—(B+a)mwly
e
2vS

aa
1+ —

r 2y

X +..., (18)

o
F(1+S)F(1—S+ 2y
wherea is some nonuniversal constant.
For S’ = Swe close the contour of integration in E45)
through the upper half planéhe main pole is that of
cosh@rw/2)) and have

- 2S%y(7m—2yS)h?
2 sin(2yS) Tjk
Ah2+27(772‘ys)

T oo

eo(0;,h)=¢ey( ;)

(19

for h<Ty, where for small y, Tx=ve ™l"7 (y
=1 sin(2y9/2yS is the Fermi velocity of low-lying excita-
tions) plays the role of the “local” Kondo temperature, aAd

is some nonuniversal constant. Each single magnetic imp

rity is totally compensatetbr h<T;, . The susceptibility of

a single impurity isfinite ash—0 and is renormalized by a
factor of T;x with respect to the host susceptibility. Again,

u_

A. A. Zvyagin

5. THERMODYNAMICS AND THE “QUANTUM TRANSFER
MATRIX” APPROACH

For our 1D inhomogeneous quantum spin system at fi-
nite temperature we choose a suitable lattice path integral
representation by a mapping which preserves integrability.
For a general formulation of the Trotter—Suzuki decomposi-
tions used in our approach we refer to Refs. 55-58. As usual,
we study the associated 2D classical vertex model instead of
the direct treatment of the 1D quantum system.

One can introduc® matrices of different types, related

to the initial one by a counterlockwise rotatioEﬁ:;(u)
=R%%(u), and by a clockwise rotatiorR%%(u)=R5%(u).
The transfer matrixr(u,{6}"_;) can be constructed in a
way similar to the case ofr. Then we substitute
u= —Jsinvy/NT, whereN is the Trotter number. We find
[r(u)m(u)]V?=e""T+O(1N). (23

Hence, the partition function of the quantum 1D system is
identical to the partition function of an inhomogeneous clas-
sical vertex model with alternating rows on a square lattice
of sizeL X N:

Z=lim Tr 7(u)7(u)]V2.

N— o

(24)

the total ground state energy is the sum of energies of all

impurities and host spingthe latter with 6;=0, i.e., Tjk
=v). We shall show belowsee Sec. ¥that the strong dis-

The interactions on the 2D lattice are four-spin interac-
tions with coupling parameters depending d¥T) ! and

order in the distribution of the local Kondo temperatures carinteraction parameterg , wherei is the number of the col-

lead to the divergent magnetic susceptibility for 0, i.e., to
the NFL behavior.

umn to which that particular vertex of the lattice belongs.
Note that the interactions are homogeneous in each column,

It turns out that some studies connect the multiplier (1put vary from column to column. This is similar to the

—2vS/ ) with the renormalization of the effectivg factor

McCoy—Wu modeP® which is the Ising model with disorder.

of the spins} while other works relate such a change to the(However in its 1D realization the Hamiltonian of the

NFL behavior caused by the magnetic anisotriftf:

McCoy—Wu model can be mapped on the quadratic fermion

For S'>S the main contribution to the integral arises form by means of the Jordan—Wigner transformation, i.e.,

from the poles atw=in/y (and thenw=2x/(7—2yS))
which produces foh<T
(S'=S)=h
(m=2%9)
h )27/(77—2y$)

_Ch<_
Tik

€o(0; ,h)=eg(8;)—

+..., (20

there are no interactions in that model. Our models definitely
reveal an essential coupling between partiglédée study this
system in the thermodynamic limi, L—< using an ap-
proach which is based on a transfer matrix describing trans-
fers in the horizontal direction. The corresponding column-
to-column transfer matrices are referred to as “quantum
transfer matrices{QTMs) (where an external magnetic field

h is included by means of twisted boundary conditlons

where C is a nonuniversal constant. We can see that for

h—0 the magnetization ifinite for a single impurity, and
spins of single impurities arenderscreenedo the value
S’ — S by host low-lying excitations.

Finally, for S'<S andh<T;x we have
1/s

+..., (21)

h
eo( 6 ,h)=eo(¢9j)—C’h(f
Tik

for S>1, whereC’ is a nonuniversal constant, and for

S=1,S =1/2 we have

2y(m—27y)h?

Sl 011 = €0l 0) = T3Sz T

(T /h)+... .
(22

Hence, forS'<S the spins of single impurities arever-
screenedand that produces the NFL behavior.

N/2
ToTm( O] ’U):z e’”h/TH RE2i-1h2i
" =1

@182 -1

X (u+i 0J)RZ§:§22ii+1(u—iej). (25)
See Fig. 2 for an illustration of the transfer matrices of the
associated 2D statistical model.

In general all QTMs corresponding to thecolumns are
different. However, all these operators commute pairwise.
Therefore, the free energy per lattice site of our 1D quantum
system can be calculated from the largest eigenvalues of the
quantum transfer matricésorresponding to only one eigen-
statg. The free energy per siteof the 1D inhomogeneous
quantum spin chain is given by only the largest eigenvalue of
the quantum transfer matriX o7y as
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QTM
I*I
s T
- | Trotter
K number
s L *
I 1
0,0,. o S
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FIG. 2. The classical 2D model with four-spin interaction around vertices
and alternating coupling parameters from column to column, related to the

quantum 1D chain.

L

iZl lim In Agrw(6;,u),
=1 N—ox

i T
— lim—
L—»ooL

f= (26)
whereu=—Jsiny/TN and the dependence d is under-
stood implicitly.

Let us consider the hierarchy of QTMs acting on the

subspace "V, (the index specifies the spins of the scatter-

ers with T, being a member of such hierarchy with the
auxiliary subspac#,, (here the index specifies the spin of

the auxiliary particle, i.e., the auxiliary particle with spin
n/2=S' scatters offN spinsS). By means of a Bethe ansatz

procedure we find the eigenvalue of the quantum transfer

matrix to be given by

20,
el
Agrm( )= —a—— (27)
IR [sinhipy) ]V
and
p+1

Ap(x)= gl MP(x),

)\lp(x) — 'rlll(p)(x)eh(p+2*2|)/T

y Q[x+i(p+1)]Q[x—i(p+1)]
Q[x+i(2l—p—1)]Q[x+i(2l—=p—3)]’
p—1+1

PP (x) = Z[[l ¢_[x—i(p—2S—22)]¢,[x+i(p—2S

-1
+2-22111 oé_[x—i(p—25+2
z=1

—22)] ¢ [x+i(p—25-22)]
with p=2, A;=1 and
A(¥)= ¢ [x—i(25-1)]$_[x—i(25+1)]€"T

L QUx+2i)
Q(x)

(28)

+é_[x+i(25-1)]

Ly Q(x—20)
Q)

Here we have dropped the dependenceauand 6;, which

X ¢ [x+i(25+1)]e (29

are fixed, and consider the dependence on the spectral pa-

rameterx explicitly. We have used
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!

Q(x)zjlj1 sin)'( 0% )

with “renormalized” u’=2u/y. Here{x;}j’, is the set of
Bethe ansatz rapidities, which are subject to the “local” Be-
the ansatz equations

¢ _[X+1(25—1)]¢.[x+i(25+1)]
¢ [x—1(25-D)]_[x—i(25+1)]

—g 2nT Q(Xj +2i)
Q(XJ_Zl) '

where m is the number of the roots of the “local” Bethe
ansatz equations, being different for different eigenstates of
the QTM. For the largest eigenvalue we have to take
=NS. However, we shall not solve Eq§31) directly but
rather shall be interested in the functional properties of the
eigenvalue of the transfer matrix. Note the§=1 and

X*iu
2

|

P (X)= SinH\IIZ( Y

X—Xj

(30

(31)

Ap(x+i)Ap(x—i)=fp(x)+Ap_1(x)Ap+1(x), (32
wherep=1 and
fn(x)zﬂl IT #.[xzi(n—25-2j+1)]
]= +
X ¢ [x*i(2S—n+2j+1)]. (33)

For this purpose we inEoduce auxiliary functioyg_(x),
Yn(X)=1+yn(X), b(x), b(x), B(x)=1+b(x), and B(x)
=1+b(x) by

Yn(X)=An_1(X)Aq 1 (X)/fr(X), n=1,

N i)+ ANE (i)
b(x)= @ :
Ao i (X+1)
A=y NS (-
b(X)I 2 258" +1 , (34)

N2 (x—i)

wheren=1. Then one can straightforwardly check thgg (
=0)

Ya(X+D)Yn(X=1)=Yn_1(X)Yn+1(X),

28’
Az (x+1)=BOONE) (x+i)=e 28] H1 b-[x
< j=
o . Qx-2is))
+I(2]+28—28 —_1)]m,

Agg (x—1)=BOAPS ) (x—1)
25’

=e 2T ] ¢.[x—i(2j+25-2S5 *1)]
j=1

Q(x+2iS’)

Qx-2i8)’ %
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Notice that the first set of equations is nothing but the fusiorof nonlinear integral equations for the “energy density”

hierarchy(so-calledY system. Let us use the first@ —2  functions of spinons, @, A=1+a, A=1+3a, y, andY, in
equations of they system as they are. In the equation for dependence on the spectral parameater

Yosr —1 We replaceY,q (X) by B(x)§(x), due to

Y, (x)=B(x)B(x), (36) 'nyl(X)=f K'(x=y)InY,(y)dy,
i.e., we have
yZS’fl(X_i)yZS’fl(X_*'i)=Y25’72B(X)§(X)- (37 Iny,-(x)zf K O=y)InLYj-a(Y)Ya(y)]dy,

Then we obviously have 2<j=25'-1,

b(x):e(28’+l)h/T
G+ [x+i(25—2S" +1)]Arg _1(X) J [K'(X=y)InY25 _5(y) +K'(X—y+ie)InA(y)
£ N2 . [x+i(2)+25-2S = 1)]
Q[x+i(25' +2)]

Q(x—2is") ’ f [k(x—y)InA(y)—k(x—y—im+ie)nA(y)
E(X):ef(zs'ﬂ)hn

+k(x—y—ie)lnA(y)]dy=Iny,g _1(X),

+K' (X=y+ie)inYas 1(y)]1dy
¢ [x+i1(25-28 £ 1)]Arg —1(X)

v ah
OIS, [x—i(2)+2S-2S' +1)] =na()+ ot a7
Q[x—i(25'+2)] -
Q(x+2iS") 38 f [k(x—y)INA(Y)—k(x—y+im—ie)lnA(y)
and .
_ _ +k'(x—y—ie)nY,s _4(y)]dy
Ay a(X= DA (XD =Y 1 (0 F1 (%), (39 ) -h
which are consequences of the definitions. - =Ina(x)+ Tcosix 2= )T (40)
What do these additional functions describe? We can un-
derstand this by taking into consideration only the(3Y  with kernel functions
symmetric case, i.e.y=0. Here according to Ref. 60 the
scattering matrix of excitations of the quantum spin-1/2 sys- 1 sinH (72S/ y— (2S+ 1) 7) w]cog xw)
tem factorizes into the matrix of the spin-1/2 &Y k(x)= ﬂj do 2 coslimw/2)sinh(Sro(7— )/ y)

symmetric model and the matrix of the leves2 (42)
sh-symmetric RSOS(restricted solid-on-solid modef*®2

(consistent with the quantum field theory prediction that theand

conformal field theoryCFT) is the level-&5 Wess—Zumino—

Novikov—Witten (WZNW) model, which can be approxi- k’(x)=iJ do cogxw) 42)
mately written as the sum of a Gaussian sector with the cen- 2m 2 costimw/2)

tral chargec=1 and theZ,g parafermionic sector wittt o

—(2S—1)/(S+1).% In the scaling limitz, parafermionic 1he free energy per siteis given by

theory is approximately equivalent to the #SOS model.

Hence the functionb, b, B, andB describe the spinon sector f(X)=ep(x)— lf M

(spinons of the spirB=1/2 mode], which pertains to the 2m J cosfix—y+ie)

Gaussian for the S@2)-symmetric case, while thg; func- T In K(y)dy

tions (with the additional conditiony,=0) describe the 5| cosix—v—ie)’ (43
RSOS sector. ™ J costix—y—ie)

One can see that these auxiliary 'function.s are analytigNhereeO is the ground-state energy. The free energy of the
nonzero, and have constant asymptotic behavior for the strig. -1 hain with impurities is

—1<Imx=<0 for b(x) andB(x), for the strip O<Im x<1 for

b(x) and B(x), and for the strip—1=Imx=1 for y, and

Y,. Introducing a(x)=b(2(x+ie)/7) and a(x)=b(2(x F= EJ: f
—ie)/r) (infinitesimale>0), taking the logarithmic deriva-

tive of these functions, then Fourier transforming the equawhere the sum is taken over all the sitésr sites without
tions, eliminating the function§(x), and finally inverse- impurities we getf(0)).

Fourier transforming, we obtain the final set of nonlinear  The free energy per impurity of the multichannel Kondo
integral equations. Eventually, we take the lilNit>. Pro-  problem of the ensemble of disordered impuritiess given
ceeding in this way we find for our system the following setby

a
;ej+iw(s'—3)}, (44)
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6. DISORDERED ENSEMBLES OF MAGNETIC IMPURITIES

5 One can see from Eq$40)—(46) that for low T the
\ temperature behavior of the magnetic susceptibility and spe-
08 cific heat of single impurities depends strongly on the rela-
' tive values of the host spirSand impurity spinS'.

For S>S’ the impurity isunderscreenedby low-lying
0.6

excitations of the chain(in the case of the Kondo
impurity—by spins of conduction electronsThe magnetic
susceptibilityy; of such an impurity is divergent at=0 for
T—0. The specific heat; exhibits the Schottky anomaly,
related to the undercompensated spin of the impurity. The
entropy of a single impurity al=h=0 becomes nonzero,
§j=In[1+2m(S —9)/(7—2y9)]. A finite magnetic field lifts
the degeneracy and the remnant entropy becomes zero. Natu-
rally, the total low-temperature magnetic susceptibility of
any disordered ensemble of such impurities is also divergent
at low temperatures.
On the other hand, fo8’ <S the spins of low-lying ex-
. citations of the antiferromagnetic critical chaspins of itin-
0 2 4 6 8 10 erant electrons for the multichannel Kondo daseerscreen
the spin of a single magnetic impurity. This yields the critical
FIG. 3. The behavior of the kernels of E@3) (dashed lingand Eq.(45) behavior, which reveals itself in the divergences of the
(solid line). T—0 magnetic susceptibility of a single magnetic impurity
and of the lowT Sommerfeld coefficient of the specific heat

¢;/T for h=0. In this case one has a remnaht=h=0
. . entropy of each impurity

T sinh(x—y+ie)lInA(y)dy
fK(X):eOK(X)__Z f

cost(x—y+ie)

04

0.2

_si@(28'+1)/(28'+2)]

= n - s
T sinhx—y—ie)lna(y)dy sin{ml(25+2)]
27 f cost(x—y—ie) ’ (49

which is removed by a finite magnetic field that lifts the spin
degeneracy of the system. It is not difficult to show by solv-
whereey is the ground-state energy. Notice that ®&<S  ing Egs. (40—(43) that at low T one has c;=Ty;
one has to put I, into Egs.(43)—(45) instead of IMA,  ~(T/Tj )" for S>1 and Tjc; /T Tk x;~IN(Tj /T)
see Eq(36). The free energy of the total ensemble of Kondofor S=1/2 at zero magnetic fielh=0. The total low-
impurities is equal to temperaturey; and the Sommerfeld coefficient of any disor-

dered ensemble of such impurities are also divergent at low
(46) temperatures.

FK:; fK

T o rim(s S)}
—0;+im(S'—9)|,
,),J

Here the disorder of the distributions of the impurity—

. . - host couplings(local exchanges between Kondo impurities
where the sum is taken over all the impurities. It turns ourang conduction electronsdoes not yield any qualitative

that for large arguments, which are important for the low-changes but introduces only specific additional features of

temperature characteristics, the behaviors of the kernels @he NFL behavior of the system, which is already present for
Egs.(43) and(45) are similar. The difference appears to be 5 single magnetic impurity.

important for the energies of order of the values of local A more interesting situation arises in the cade=S.
exchange constants and higher, cf. Fig. 3.

: . _ Here the solution of Eqg40)—(43) can be obtainéd ana-
These equations can be easily solved numerically fofytically. We know that at sufficiently low temperatures the

arbitrary magnetic field values and temperatures. The ranynctionsa and InA manifest a sharp crossover behavior,
dom distribution of the values; can be described by a dis- reminiscent of a step functiofa|<1 and |In A|<1 for x

tribution functionP(#;). It is worthwhile to emphasize here |, aTj /T, and|al, [InAl~O(1) for x>In aT /T, wherea

the simplicity of the equations derived. For each impurityjs some constant aniix was introduced in Sec. 4. We can
there are only two parameters, the real and imaginary shiftgtroducé” the scaling functions
of the spectral parameter in the formula for the free energy

per site, Eqs(43), (45). Then the exact solvability of the Ina®=Ina{*[x+In(aTjk /T)]},
problem for any number of impurities permits one to intro-
duce the distribution of these shiffshe strengths of the
impurity—host couplings pertinent to the local Kondo tem-  |nA*=In A{=[x+In(aT T},
peratures and the spins of the impuriliegVe have only

25’ +1 nonlinear integral equations, Eq40), to solve, and

INA* =InA{=[x+In(aT /T)1},
the answer can in principle be obtained for arbitrary tempera-
ture and magnetic field ranges.

Ina”=Inal*[x+In(aT /T)]},

Iny, =Inyp{+[x+In(aT/T)1},
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INY, =InY{+[x+In(aTc/T)]},

wherep=1,...,.25' —1. In terms of those scaling functions
Egs. (40) are renormalized in such a way that the driving
terms (those which do not depend on functioasa, ...y,
andY,) in the last two equations fdi=0 become propor-
tional to v exp(—x=ie) (where small corrections of order
O(T) have been neglectedHence only the asymptotic be-
havior of A and A at large spectral parameter is esseritial.
Following the procedure described in Ref. 62, we obtain the
low-temperature behavior of the free energy per &ioe h
=0)

B 71'SyT2
H0)= ol 0) = 5 s Tysin 279 T
3s?
X 1+W +... . (47)

In the presence of a weak magnetic fiklek T we can cal-
culate the temperature corrections to the free energy per site:
mSyT? 2 4 6 8 10

f(6;)=eb(6;,h)— 2(S+1)sin(2yS) Tk J

FIG. 4. Distributions, as functions of the local exchange conggaith y

2
. h 1+ 1 =2), used in this study, which produce the NFL behavior of the ensembles
477Tj|< (2S+ 1)|n(aTjK IT) of spinSimpurities in th_e splrﬁ host.:l—the Lorentzian d|_str|_but|_on of; ;
2—the log-normal distribution ob; ; 3—the power-law distribution. Very
|n||n(a'|'jK /T)| small values of the exchange constant are excluded.

2
(25+ 1)2|n2(aTJ-K/T)}+O(T ) 48
For a single impurityP(T;x) = o(Tjx — Tx) we immedi- . . . 27129
ately recover the famous Kondo behavior of the asymptotiPertain to real dlsordéelr?g guantum spin cheirs:and some
cally free spin(characteristic for a Kondo impurity in a free- N€avy fermion alloys;™™"see Figs. 4, 5, curves 3, for

electron hogt® and for a single impurity in a Heisenberg AF Which we tookh =0.7 andG=2. Now we can calculate the
chain.** For the homogeneous case we =0 (which low-temperature behavior of the average magnetic suscepti-
means thatT,x—v, where v is the Fermi velocity of bility x, the Sommerfeld coefficient of the specific heat, and

spinons. Naturally our result in this case coincides with the the correlation length of the forntthe lower limit of the
Bethe ansatz solutiSh and with the field theoretical Ntegralover the distribution ofj« gives a regular contribu-
prediction® It turns out that the central charge of the CFT is fioN)

c=3S/(S+1) and does not depend on the parameter of the (c)

impurity 6;. One can see that only one parameter gets renor-  (y)e« ?~G‘*T*‘l. (49
malized in the disordered case—the Fermi velocity of the

U(21)-symmetric low-lying excitations: spinonghe Kondo

’ _ These formulas definitely manifest the Iowdivergences of
scale plays the role of a “local Fermi velocity”

_ pay for an ¢,y and(c)/T and strong renormalization in the disordered
impurity). spin chain as compared to the homogeneous situation. The

“Our rI]odeIs_ permit averaging over a distribution@f .0 nd-state average magnetization displagé~(h/G)*
(or “local” Fermi velocities) because of the factorization of behavior, also different from the homogeneous case.

the free energy of the system. This is a consequence of the  her important characteristics of our disordered spin

i_ntegrability of our modgl;ﬁi.e., of the presence of onblas- chain, e.g., the dynamic magnetic susceptibility/}(w,T),
tic scattering off impurities Note that thed; dependence .. pe calculated. We can use the standard ansatz for the

present in the low-energy characteristics results only in theg|ayational form of the susceptibility of a single magnetic

universal scale§k (that is not so for higher energies, but impurity22-23

the latter are irrelevant for the low-temperature disorder- ’

driven divergences Hence for low energies we can use dis- , INMw

tributions of T, which are also more appropriate in con- X" (@, T)=x(T) I TAT)” (50)

nection to the experiment$2%2’-2*That is why the main

features of the low-energy characteristics of our disordereéh which one supposes that the relaxation rgeportional
spin chain are determined by the distributions of the effectiveo the half-linewidth of the resonance Iin€ does not de-
Fermi velocities for the impurities. Let us consider the strongpend on the frequency. That ansatz automatically satisfies
disorder distribution, which starts with the terf(T k) the Kramers—Kronig relation. At low temperatures the use
«G MTj)* ' (A<1) valid till some energy scal& for  of the Shiba approximatiéa® determines the firstT=0)

the lowest values of jk (that distribution has been shown to term in the expansion df (T) via
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TK
FIG. 5. Distributions, as function oy , used in this study, which produce
the NFL behavior of the ensembles of s@rmpurities in the spirts host:
1—the Lorentzian distribution of; ; 2—the log-normal distribution ob; ;
3—the power-law distribution. Notice that we have used only small values
of Tg.

lim

w— 0

2x%(0). (51)  FIG. 6. Magnetic susceptibilitya) and the Sommerfeld coefficientT (b)

at h=0 for the isotropic spin-1/2 antiferromagnetic chain with spin-1/2
. . magnetic impurities. The exchange constant of the host is 2. The solid line
That gives the low-temperature dependence of the relaxatioghows the homogeneous chain; the long-dashed line—the Gaussian distri-
rate per site for the disordered spin chBifT) ~ T« . Hence  bution; the dashed line—the log-normal distribution; the dotted line—the
we get Lorentzian distribution o .

X"(0,0)
mTw B

” -1 A—1
XN, T)~G7H(GIT)* "g(w/T), (52 We obtain for the dynamic magnetic susceptibility the scal-

with g being the universal scaling function determined bying behavior

g(x)=xS7dy/y*"1(x?+y?), which differs drastically from , »

the homogeneous case. Similar calculations, e.g., for the (X")(@,T)~Po[(7/2)—tan”(2GT/0.417w)]

variation of the Kn|ght shift and for the NMR relaxation rate (Wh|Ch is again in drastic contrast to the homogeneous)case

yield oK/Koxoy/x~T " where 6A denotes the mean The weak power-law or logarithmic dependence pertains

Square deviation ofA due to the distribution offjx and {9 the Griffiths singularities in the proximity of the critical

T, '~G HGIT)* g(w/T). point T=0 (cf. Refs. 25 and 26 For these distributions of
For the importantnarginal casex =1, logarithmicT di- T, the Wilson ratio alf =0 is equal to 2r%/3, characteristic

vergences appear. Here one has the distribuiOfjx=0)  for a FL-like situation. It turns out that our above-mentioned

=Po#0 valid till G. Then averaging the low-temperature resylts for low temperatures are also valid for random en-
part of the susceptibility and Sommerfeld coefficient, we ob-sembles ofS' =n/2 (where n is the number of channels

tain multichannel Kondo impurities with a local anisotropic, gen-
erally speaking, interaction of the latter with conduction

(c) Po| G 1 G electrons, because at low temperatures the difference be-

e ~—5 |Ingrsnhnaz+..|. (33 tween the energy of the spin chain and the spin subsystem of

the Kondo system is smaltf. Fig. 3.
Here we again see the zero-temperature divergencésg) of We can illustrate our analytical results by numerical cal-
and(c)/T (weaker, though, than in the previous cas#e  culations for the solutions of Eq$40)—(44) (for accurate
can also calculate the low-field ground-state magnetizationnymerical calculations see Ref.)3&h Fig. 6 the temperature
dependences of the magnetic susceptibility and the Sommer-
(M#%~hPy[ —In(h/G)—In(In(h/C'G))+...]. feld coefficient for the most usual AF spin magnetically iso-
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tropic spinS=1/2 chain are depicted. The solid lines show 1.0—
the finite values of the low- y andc/T in this case. How-
ever, the dashed and dotted lines present the answers for the
distributions of¢; (which, in turn, corresponds to the distri-
butions of either the impurity—host exchange constants, see
curves 1 and 2 of Fig. 4, or local effective Kondo tempera-
tures, see Fig. 5, which presents results for2) with
strong disorder. The latter means that the wings of the distri-
butions are large enough compared to the maxima of the
distributions. The dotted line corresponds to the Lorentzian
distribution P(6,)=[(26;/y)?*+=?]"!. The dashed line e __o____ "
pertains to the so-called logarithmically normal distribution

Susceptibility
o
o
’I

"~
-
-
-
-
-
~-
. ~-
. -
-~
-
- -
-
-
~——

~—
-~
————

exp(—[In(|26;/y| + 10 %)+ 1/4]%) 0 0.5 1.0 1.5 2.0
V(26,19 +107°) ’ T/2

which is also characteristic for strong disorder. One can see
the qualitative difference between the behavior =S
magnetic impurities with the strong disorder of the distribu- :
tion of their couplings to the host as compared to the isotro- 155
pic spin chain. The magnetic susceptibility and the Sommer- :
feld coefficient diverge strongly aT—O0 for the highly
randomly distributed parameters of the impurity—host cou- g 1.01
plings (note that in Ref. 37 we have shown that at low tem- :
peratures only thé, determine the scaling behavior of lo-
cal impurities. This is in stark contrast with the 0.5F
homogeneous case. It turns out that the low-temperature as-
ymptotics of the log-normal case of the disorder*are

P(6;)=

2.013

c~{In(LM)exp[InIn(1/T)1%} 4, 0

X~{TlnIn(lfr)exq[lnln(lfl')]z}_l, (54)
FIG. 7. Magnetic susceptibilitya) and the Sommerfeld coefficient T (b)

while for the Lorentzian distribution one has at h=0 for the anisotropicy= /2 spin-1/2 antiferromagnetic chain with
spin-1/2 magnetic impurities. The solid line shows the homogeneous chain;

7 1 the long-dashed line—the Gaussian distribution; the dashed line—the log-
c~[In(1/M)]™%, x~[TIn(LT)]" " (59 normal distribution; the dotted line—the Lorentzian distributionspf

The latter case is similar to the situation present for the so-
called Griffiths phas® at very low temperatures.

In Fig. 7 similar behaviors are seen for the magneticnarrow distribution(weak disorderdoes not yield the diver-
susceptibilities and Sommerfeld coefficients of the homogegences of the low-temperature magnetic susceptibility and
neous case and the cases with the log-normal and Lorentzidhe Sommerfeld coefficient of the specific heat.
distributions(strong disorderand the Gaussian distribution The reason for such a different behavior of wide and
(weak disorder, see belgvior the mostly anisotropic easy- narrow distributions of the parameters that determine the
plane casey= w/2 (for S=1/2 this corresponds to the XX impurity—host couplinggor strong—weak disorder, respec-
model, which for the homogeneous case pertains to the fretively) is clear. At low energies the local Kondo temperature
spinless fermion gasOne can see that the changes due tadetermines the crossover scale for the behavior of the mag-
the nonzero magnetic anisotropy of the easy-plane type ametic impurity. For the cas®’ = S a single magnetic impurity
only qualitative. This is clear, because such an easy-planis screened by low-lying excitations of the host for
magnetic anisotropy does not produce gaps for the low<Tj, and is not screened far>T (with the Curie-like
energy excitationsi.e., it is a marginally irrelevant perturba- behavior of the unscreened remnant $pkor ensembles of
tion from the RG viewpoint and, hence, the system remains magnetic impurities with weak disorder the temperature is
in the critical regime. larger than the average Kondo temperature of the ensemble

On the other hand, the weak disorder does not producef impurities, and, hence, the total magnetic susceptibility
such qualitative changes in the behavior of random enand the Sommerfeld coefficient are finite for-0. For the
sembles of disordered magnetic impurities. By weak disordestrong disorder, on the contrary, many local Kondo tempera-
we mean a narrow distribution @f . The long-dashed lines tures are less than the temperature. Those impurities remain
of Figs. 6 and 7 depict the temperature behavior of the enunscreened by the low-lying excitations of the host, and,
semble of magnetic impurities with the weak Gaussian dishence, the total magnetic susceptibility and the Sommerfeld
tribution of 6; (which is close to a single impurity distribu- coefficient become divergent f@r— 0.
tion P(6;)=4(6;)). One can obviously see that such a Finally we would like to show how the magnetic field
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1.0 tries of the systentor the Gaussian of the WZNW model

; are essential for the process of screening of magnetic impu-
rities, while excitations that describe thg symmetry of the
RSOS sectofor parafermions of the WZNW modetio not
play a qualitative role in that process.

We point out again that for low temperaturés<(2) the
numerical data are applicable to the behavior of the en-
sembles of Kondo impurities with easy-plane magnetic an-
isotropy (and, naturally, without jt of the local exchange
interaction between magnetic impurities and conduction
electrons.

o o
o o

Slgceptlblllty
»

b~
- .
~~~~~~~~~

o
N

7. CONCLUSIONS

/2 ' ' Summarizing, in this work we have considered a number
of exactly solvable models of magnetic impurities in critical
b quantum antiferromagnetic spin chains and multichannel
Kondo impurities. We have studied their ground-state prop-
erties and constructed the finite set of nonlinear integral
H equations which exactly describe the thermodynamics of the
if models. We have obtained several analytical low-energy ex-
pressions for the temperature, magnetic field, and frequency
dependences of important characteristics of the exactly solv-
able disordered quantum spin models and disordered multi-
channel Kondo impurities with essential many-body interac-
tions. We also have analyzed the data of numerical
calculations of those nonlinear integral equations. We have
shown that the only low-energy parameter that gets renor-
malized is the velocity of the low-lying excitatior(er the
effective crossover scale connected with each impyrihe
others appear to be universfiNote that the finite-size cor-
rections to the ground-state behavior of our disordered spin
FIG. 8. Magnetic susceptibilitya) and the Sommerfeld coefficientT (b) chains can be obtained just by replacing/T)—L]. We
at h=0.2 for the isotropic spin-1/2 antiferromagnetic chain with spin-1/2 used several kinds of strong disorder important for experi-
magnetic impurities. The solid line shows the homogeneous chain; thenents. Some of them produce low divergences in certain
g;insgtigr;e—the log-normal distribution; the dotted line—the Lorentzian 4 acteristics of our strongly disordered critical systems
' (compared with the finite values for the homogeneous case
or a single impurity. They pertain to wide distributions of
the local Kondo temperatures, i.e., to strong disorder in the
lifts the degeneracy. In Fig. 8 the temperature behavior of theystem. On the other hand, for weak disorder, or, in other
magnetic susceptibilities and the Sommerfeld coefficients irwords, for narrow distributions of the local Kondo tempera-
the isotropic cases is shown for the log-normal and Lorenttures, our exact results reveal the presence of the Kondo
zian distributions(cf. Fig. 6), but for the nonzero magnetic screening of the disordered ensembles of magnetic impurities
field h=0.2. One can clearly see that such a field remove®y low-lying excitations of the host. We point out that our
the divergences in the loW-susceptibilities and Sommerfeld results qualitatively coincide with the data of experiments on
coefficients for the models with strong disorder. As an ex-real disordered quasi-1D quantum AF systér with A
ample, the temperature dependences of the same values fo10.26—0.42. Also, qualitatively similar behavior has been
h=0.2 are shown for the homogeneous chain. It turns oubbserved in 3D heavy metallic alloys?° with A
that the weak magnetic field does not yield any qualitative~0.60—0.85. It is interesting to note that similar results were
changes in the temperature behaviors, as expected. recently obtained in which the distributions of Kondo tem-
For higher values of the spins the changes, compared tperatures used in this work were derived either from the
the caseS' = S=1/2, are only quantitative. For example, the proximity to a phase transition point in the Griffiths phase
values ofy andc become larger for larger spin values. How- approximation(cluster percolatioff® or from the Anderson
ever, there are no drastic changes in the behavior of disotecalization effects in the infinite-dimensional statistical dy-
dered ensembles of impurities, in comparison with the casaamical mean field theory approximati€hAlso our results
discussed above. This seems to be natural, because only losan be useful for the description of the Kondo necklace
lying excitations(which have Dirac seas in the ground sjate model®”® All these similarities can be considered as the
are responsible for the Kondo-like screening of spins of im-manifestation of generic features of the behavior of concen-
purities, while other excitationghe quasienergies of which trated disordered magnetic systems for temperatures higher
are described by, and Y,), are higher-energy. In other than a critical temperature in our effectively one-dimensional
words, spinons, which describe the @J(or U(1)) symme-  exactly integrable quantum models.
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The resonance activation of the eigenmodes of a two-dimensional easy-plane ferromagnet of
finite size by a circular magnetic field is considered as a basis for theoretical explanation of the
mechanism of vortex switching in magnetic nanodots under the influence of such a field. It

is shown analytically that in the case of weak easy-plane anisotropy, when the vortex has a nonzero
polarization(a total magnetization along the hard axife influence of the field on the

eigenmodes of the system is of a complicated nature. A circular field acts in a resonance manner
on the azimuthal modes of the system, in which the magnetization depends on the azimuthal
coordinate(in the form of a direct resonance at the eigenfrequencies of the azimuthal )ymodes
coupling of the azimuthal and symmetfindependent of the azimuthal coordinateodes

via the external field gives rise to complex parametric resonances at sum frequencies. The results
obtained are compared with the data of previous numerical studieB0 American

Institute of Physics.[DOI: 10.1063/1.1531396

INTRODUCTION pressible liquicf? to Pitaevskii vortices in a gas of weakly
. . ._interacting boson& and to optical vortices in nonlinear
Theoretical and experimental research on the nonlinear = "5, L . .
dynamics of magnetically ordered media is now one of theOpt'FS' '_I'he main d|fferencg O.f the magnetlc vortices from
most important fields of study in modern nonlinear Solid_vortlces in these other media is that besides the usual topo-

state physicé? By the end of the 1980s the construction of logical charggwhich distinguishes a vortex from an antivor-
the theory of nonlinear waves and solitons in magnets OFex) they have an additional characteristic associated with the

different physical natures was basically complete, and thQOI"‘mZ"’ltlon of th_e vortex—th_e dlrectlor_w of the ryagnetlza-
existence of such waves had been confirmed in a number 8PN (Or of the antiferromagnetic vecfoat its cent.ei‘._ In the
experiments. However, the main body of results, both experiloNg-wavelength approximation in the description of the
mental and theoretical, had been obtained for oneStructure of the vortex in the framework of differential equa-
dimensional models or quasi-one-dimensional maghéts tions, its polarizatipn is a topological invariant. anq is con-
recent years there has been a growing interest in the dynari€"ved- However, in real magnets the magnetization field is
ics of magnets in connection with the synthesis of many nev{€fined on a discrete crystal lattice, and the polarization of
magnetic materials with unusual physical properties. Wehe \_/o_rtlces(_llke certain otsh_er topological characte_rlstlc_s of
mention first the quasi-two-dimensional metalorganic com nultidimensional §oht0n)§ is no longer a topological in-
pounds consisting of magnetic layers with an organicvariant. The experimental study of the out-of-plane structure
intercalant. ~** magnetically ordered isostructural analogs off @ magnetic vortex is a rather complicated problem, since
high-T. superconducting compounds and those same coniD real systems the core of a magnetic vortex, where substan-
pounds with the stoichiometric composition, and also two-tial deviation of the spins from the plane occurs, is very
dimensional magnets based on Langmuir_Bk)dgett fiis. small in size. At the same time, there is now some Welghty
An important difference in the nonlinear dynamics of one-experimental evidence both for the existence of vortices in
dimensional and two-dimensional magnets is the possibilith@nosize magnetic particlémagnetic dotg**’ and for the

of existence in the latter of specific two-dimensional topo-presence of an out-of-plane maximum of the magnetization
logical excitations: magnetic skyrmiongin easy-axis at the center of the vortesee Fig. 1. Studies by numerical
ferromagnet 14,15 504 magnetic vortice§n easy-plane fer- method$® have shown that the inclusion of a noise signal
romagnets and antiferromagnets®~*8The role of the latter modeling the finite temperature of the magnet can cause the
is especially important because in 2D magnets a phase tramortices to change their polarization. A more important ques-
sition to a magnetically ordered state occurs by thetion is whether one can deliberately act on the vortices to
Berezinskii—Kosterlitz—Thouless mechanishf® and near change their polarization, e.g., by applying a circular mag-
the point of the transition the number of vortices and vortexnetic field. It was shown in Ref. 29 by a numerical simula-
pairs should be anomalously large. The existence of thes#on that a vortex can change its polarization when acted on
topological excitations has now been confirmed experimenby a circular magnetic field, and the situation is not symmet-
tally in a number of studie§®?! In their structure and dy- ric with respect to the sign of the vortex polarization: only
namic properties, magnetic vortices are very close to poinvortices of one polarity are switched. This indicates that it is
vortices in the two-dimensional hydrodynamics of an incom-possible in principle to use such a field to bring the over-

1063-777X/2002/28(12)/9/$22.00 921 © 2002 American Institute of Physics
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1. MODEL AND STRUCTURE OF THE VORTICAL
SOLUTIONS

It is customary to treat the structure and dynamics of
magnetically ordered media theoretically in the framework
of the classical Heisenberg model with an exchange interac-
tion of near-neighbor magnetic moments. In our case it is
necessary to take into account the weak anisotropy, assumed
uniaxial, of this interaction. Here the Hamiltonian has the
form

Ho:_J% (Sﬁ3ﬁ+5+3¥3¥+5+)\3ﬁ3ﬁ+5), @

where S, is the classical site spitwe shall henceforth as-
sume that the modulus of the spin vector is the same for all
sites and, with a suitable renormalizati¢8,| = 1), the index

n is the number of the site of the spin lattiG@ our case
two-dimensiondl § enumerates its nearest neighbors, the ex-
FIG. 1. Magnetic-force microscope imadaken from Ref. 2Yof an array ~ change interaction constadit-0 in the case of a ferromag-

of magnetic dots made of Permalloy gife,o), each with a diameter of 1 net, and the exchange anisotropy paramkttr easy-plane
um. The point at the center of each dot corresponds to the maximum of thgymmetry varies in the ranges\<1. In actuality the ex-
out-of-plane component of the magnetization in the vortex core, and the h isot hich is of Ilt' isti L K
dark and bright spots correspond to different signs of the polarization of th&hange aniso r92py- Wi '_C IS 0 ] a refatvistic orgin, Is weax,
vortex. and (1-\)~10“. In this case its effect on the structure and
dynamics of the magnetic interactions is qualitatively similar
to that of a weak single-ion anisotropy, which leads to the

helmi ority of o _ | appearance of an additional term of the fop&,(S%)? in
whelming majority of vortices in a magnetic sample to Athe Hamiltonian(1).

unipolar orientation. This should give rise to a macroscopic The classical dynamics of the magnetization vector are
magnetization proportional to the density of vortices in aNyascribed by the Landau—Lifshitz equatidhEs),2in the
easy-plane ferromagnet, such a magnetization should in prifg, e \vork of which the length of the magnetization vector

ciple be detectable experimentally. This would provide addi-(Site spin is conserved, and the vector can be characterized
tional direct proof of the existence of magnetic vortices andDy two variables. It is convenient to use therojection of

serve as a tool for their experimental investigation. Such 3he spin on the hard axisy,=S?, and the azimuthal angle
process of changing the polarity of a vortex by means of ar‘fl i, ’

external magnetic field applied perpendicular to the plane o f the spin, g, =arctan§/Sy, since in terms of these vari-
9 PP perp p bles the LLEs take on a Hamiltonian form, ang andm,

an arrangement of nanoparticles was implemented exper-lay the role of canonically conjugate coordinates and mo-

mentally in Ref. 27, where confirmgtion of the ppssibility of mentum for the Hamiltoniary(m, ,@,). The Hamiltonian
directed change of the vortex polarity was obtained. A theo-(l) in terms of these variables is written as

retical model for estimating the switching of the polarization
of vortices was proposed in Refs. 28 and 29. The authors

assumed that, at least in the initial stage of the switching, the  7t0= _J% [AMaMp 4 5+ V1—m;

external field leads to a rise in the amplitude of the linear '

eigenmodes of the system in the presence of the vortex, and X\1— mnzﬂscos{ en— @nts)ls 2
they took into account the dynamics of only a few spins in

the core of the vortex. It was assumed for simplicity that the?"d the LLEs have the form

precession of these magnetic. moments is in-phase, i.e., only den, oH, dm, IH,

one low-frequency “symmetric” magnon mode was taken B om . e 3
into account. However, because of the symmetry of that n #n

mode with respect to the sign of the frequency, the matter of |n the long-wavelength limit the solution of the LLEs
the asymmetries of the vortex switching dynamics observegith the Hamiltonian(1) for a static magnetic vortex in an
in the number simulatidil has remained unclear. infinite system was obtained in Refs. 16 and (¥ée also

In the present paper we consider the spin dynamics of ®efs. 30—-32 In polar coordinatesr( x) tied to the center of
two-dimensional magnetic nanodot of finite sizeén a vor-  the vortex this solution has the form

tex configuration under the influence of a spatially uniform

external rotational field, but here we take into account sev-  ¢°(x)=ax+C, 4
eral magnon eigenmodes of the system in the presence of the

vortex. As will be shown below, to explain the results of the  1,0() = p{ 1-a
numerical simulations it is not enough to take into account a

single symmetric mode, but it is necessary to take into ac-

count additional modes with azimuthal dependence of the m°(r)=pb\ﬁexr<—L> for r—oo (5)
phase of the spin precessi@fazimuthal modes)). r Iy

2
}, for r—0,

ry
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the influence of a circular external magnetic field applied in
the easy planeh=h(coswt, sinwt, 0), which leads to the
appearance of an additional term in the Hamiltonian:

Him()=—h2 V1—m?cog ¢,— wt). (6)

Then the LLES(3), with the damping taken into account
in Gilbert form>* become

p=_1 qun J Y (97‘(0
= ——(Hot Hinl(1)) — 1—m

FIG. 2. lllustration of vortex switching in a circular field as a process of dt am,, — mﬁ den
overcoming an energy barrigy.

p=1

dm,

0 2 dHy
dt == T%(HO_Hint(t))_ y(1— mn)

amg’

(7)
wherea andb are numerical constants of order unity add

is an arbitrary constant, the presence of which reflects thherey is the damping coefficierassuming that the exter-
continuous degeneracy of the ground state with respect to tHeal field and the damping are small, in the last terms we take
direction of the spins in the easy plane; the parameter ©only Hy into account Smaliness of the damping must be
=[N/4(1—\)]*2 characterizes the radius of the vortex. We defined in comparison to the characteristic time scales of the
note that even for a weak anisotropy<{1)=0.1, the value Processes under consideration.

for which the numerical simulations were mainly done, one  Substituting the expressions ffy andH; into Eq.(7),
hasr,=1.5, i.e., the size of the vortex core is of the order ofWe obtain the dynamical equations in final form:

the interatomic distanceag=1), and it is necessary to take de m

. . . n L6 .

into account the discreteness of the system in the vortex corec.F = 25 (m—[mn CoOS op— @nis)— Y SIN(@n—@nts) ]

The parameterg and p characterize the topological struc- An

ture of the vortex:q==*1, £2,... is its topological charge

(g>0 for a vortex, andg<0 for an antivortex and —AMy s
p= *1 is the polarizatiorithe value ofm at the center of the

vortex). The product of these two characteristics specifies thelm,

so-called gyrovecto6=2pdqi,, which is directed perpen- W:Zﬁ (=M oM n- sl YMy COS0n = ¢4 5)
dicular to the plane of the two-dimensional magnet and gov-

my
m_p

+h

cog ¢,— wt), (8

erns the vortex dynamics. In the long-wavelength lifimit +Sin(@en—@n+s) ]t ykmfnmnh;)—hmln
the description of the spatial distribution of the magnetiza- Y si — ot )
tion in the framework of differential equationthe two pa- sin(en—ot),

rametersq and p are topological invariants. In a discrete where we have introduced the notatimlnzw/l—mnz and
system only the topological charges an invariant quantity, have setl=1.
while the polarizatiorp is no longer an invariant. In Ref. 33

the dependence of the discrete analog of the gyrovéatut,
2. NUMERICAL SIMULATION AND ANALYSIS OF THE

hence, of the polarization of thg vorpern the anisotropy SWITCHING OF THE VORTEX IN A CIRCULAR FIELD
parametei was calculated, and it was shown that the polar-

ization of the vortex vanishes at a critical value of the an-  In Ref. 29, Eqs(8) and(9) were solved numerically for
isotropyA =A.~0.72. At a larger value of the anisotropy the a two-dimensional easy-plane ferromagnet with a square lat-
static vortex undergoes a transition to an in-plane configuratice (for which the critical value of the anisotropy for the
tion with a nonzer@ component of the magnetization which IPV—-OPV transition is\.~0.72). Computations were done
is independent of the parameter? In the long-wavelength for a region of radius. =24 (the lattice constant is set equal
description an in-plane vortg¥PV) does not exist, since the to unity), containing~ 1800 spins, at values of the anisot-
energy of its core diverges, while the ener@y, (5) of an  ropy parameterhn=0.9 and damping parametefy=2
out-of-plane vortex(OPV) remains finite. In the discrete x10 3. The amplitude of the external field was chosen in
model the core energy of the in-plane configuration is finitethe regionsh<0.02, and its frequency in the intervhb|
and it is stable fon <\.. Here the energy difference of the <0.5. As the initial condition we took a configuration with
in-plane and out-of-plane vortices is equal in order of mag-an OPV and various polarizations. The main results obtained
nitude toEgpy— E|py=A~mJ In(ay/r,), whereay is the in-  in the numerical calculations of Ref. 29 reduce to the follow-
teratomic distance. It is seen from the above estimates thatiag: 1. The switching dynamics of vortices and antivortices is
transition of the vortex from one configuration to the otheridentical, i.e., the character of the switching does not depend
occurs abg~r, . It follows that for a small anisotropy, when on the topological charge of the vortex. 2. Switching occurs
the OPV is stable, it is in principle possible in the discretein a threshold manner when the field amplitude exceeds a
model for a switching of its polarization to occur: for this it certain critical valuenh,,, which depends on the sign of the
is necessary to overcome a finite energy barfidisee Fig. external pump frequency (at a fixed value of the damping
2), as may occur under the influence of temperétuoe an 7). 3. Theh,=h.(w) dependence is substantially nonmono-
external magnetic fielé?° tonic and is of a resonance character. Figure 3 shows this
In this paper we consider the dynamics of an OPV undedependence, taken from Ref. 29. We have added the point
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the threshold values for vortex switching for different signs

200 » of the frequency of the external pump in the simulation.
15l In Ref. 29 the authors assumed that the switching of the
© polarity of a vortex in a field is due to excitation of a “soft”
2 10k . (the lowest-frequengysymmetric eigenmode of the system.
5 * : This mode corresponds to small corrections to the static vor-
< g x M tex solution ¢,m) (4), (5) of the form ¢(r,t)—¢°(x)
T =p(r,t), m(r,t)—m°(r)=w(r,t), wherer is the distance
0 ] I L ? from the center of the vortefwhen the vortex is located at
-05 -04 -0.3 0.2 0.1 0 the center of the circular regiprHere it was shown that the

dynamics of the amplitude of this mode is described by an

FIG. 3. Dependgnce of the critical amplitude of the external field on it.seffective equation for an anharmonic oscillator under the in-
frequency. The figure was taken from Ref. 29. We have added the point

denoted by a circle at the frequenay=—0.1; this point was discussed in lU€nce of direct and parametric activation.
the text of Ref. 29. In our view, the scenario proposed by the authors of Ref.

29 has a number of shortcomings. 1. The analytical treatment

was done for small-amplitude vortices, which exist at values
(denoted by a circular dptcorresponding to the value of the anisotropy parameter close to the critical valua
w=—0.1, which was discussed in the text of Ref. 29. 4. The_) ~0.72, while the numerical simulations were done at a

vortex switching process is asymmetric with respect to th(?/alue)\=0.9, and the frequencies of the eigenmodes at these

sign of .the. polarization and the d|re9t|on of rotaﬂqn of thevalues of\ are substantially different. 2. The proposed ap-
magnetic field and depends essentially on the sign of the . . . .
productpew. For pw<0 (e.g., in the case of a vortex with a proach is applicable only for fixed boundary spins of the

positive polarization in a field rotating clockwisthe switch- ~ System (Dirichlet conditions: m[,-. =0 and ¢[,_ =),
ing occurs easily, and fop=—0.1 the critical value of the While the numerical simulations revealed the presence of

field amplitude ish,~0.0025. When the field is rotating in Vvortex switching in the case of a free boundary also
the counterclockwise directions=0.1) the critical value of (d¢/dr|, - =dm/ar|,_ =0). 3. In the analytical approach
the amplitude of the circular field is an order of magnitudeof those authors the vortex switching could be realized only
higher: h,~0.02. 5. Forpw<0, the switching results in a when the vortex was displaced from the center of the system:
stable vortex Configuration with a switched vortex, while for the effect of the external field was small in the parameter
pw>0 the structure of the vortex core after the switching isr/|_ whereR is the distance between the center of the vor-
completely destroyed by large-amplitude spin waves. Thigey and the center of the system. 4. As was shown in Ref. 35,
last circumstance follows in a natural way from the PreVIOUSy,a gistribution of the magnetization field of the fundamental

result: for pw<0 and a field slightly above the threshold . : . .

o2 : : symmetric mode is not localized near the vortex. It is prac-
value, the system after the switching will be in the subthreshi. v th in the ab f th ¢ d
old region withpw>0, while for po>0 in the initial state Ically the same as In the absence of the vortex and, more-

and a field exceeding the high threshold value, the field aftePVeT: vanishes in the vortex core. Thus this mode “shakes”
the switching of the system will be found in a far above-the entire magnetic system rather than the vortex itself. 5.
threshold region withpw<O0. Finally, the field variables in this mode are independent of

the azimuthal coordinate, and its properties are therefore

symmetric with respect to the sign of the frequency, and their
3. SCENARIOS FOR VORTEX SWITCHING slight asymmetry arises in the process of pumping only on

It is natural to propose the following scenario for the account of a shift of thg center .of.the vortex from the cer.1ter

observed vortex switching process in an external circulaPf the system and a slight deviation of the total magnetiza-
magnetic field. In the initial stage the field excites one ortion of the vortex from the hard axis. However, it is easily
several linear eigenmodes of the system in a resonance maghown using the results of Ref. 29 that the ratio of the thresh-
ner. Then a nonlinear growth of the amplitude of theseold fields for vortex switching at pump frequencies of equal
modes occurs, leading to switching of the vortex. Howeverabsolute value and opposite sign in the resonance region has
to explain the data of the numerical simulation this mechathe form hel @)/ he( — w)~ (14 éw)/ (1— éw), whereé~1.
nism must satisfy a number of conditions. First, the frequengjpce forn>\. in the investigated system of raditis= 24
cies of the (ta)lgnmoddgs sEouId_ bel close to the resonance frgsg frequencies of the soft symmetric mode lie in the interval
guencies observed in the simulatiofin Fig. 3 one can 0=0=0.063, we have, to good accuraty(w)/h.(— o)

clearly see the minima of the absorption threshold at fre_~1 whereas in the numerical simulation this ratio was of the
guenciesw=—0.05, =-0.06, andw=—0.1.) Second, '

the profile of these normal modes must have an appreciabf%rder of 1_0' ] )
maximum amplitude in the region in which the vortex is The disagreements mentioned made it necessary to for-

localized in order to lead basically to its excitation and not tomulate a different scenario for the changing of the vortex
the activation of the entire system. Finally, the modes menpolarity. Since a central role in it is played by several eigen-
tioned must have a pronounced asymmetry with respect toodes of the system, let us briefly discuss their classifica-
the sign of the frequency in order to explain the difference oftion.
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Q a modes with large values df is substantially smaller.The
symmetric modes witlk=0 are not split. What will be im-
portant for us below is the classification of modes at small
values of the anisotropy (A\<1). Importantly, in this re-
gion the functions)=Q(\) for the modes in the presence
of a vortex are practically the same as the corresponding
functions for the eigenmodes of the system in the absence of
a vortex. Moreover, the profiles of the field distributions
v (r;\) andu(r;N) are close to those in the system with-
out the vortex in the region outside of the vortex core and is
expressed to high accuracy in terms of Bessel functions. An
exception is the case of the lowest-frequency quasilocal
modes(1 in Fig. 4), which do not have analogs in the ideal
system and which describe a gyroscopic precession of the
vortex. The frequencies of these modes are anomalously low
(Q )~ (L?~R?~1~0.0015) and depend on the rotation ra-
diusR of the vortex. The frequencies of the remaining modes
lie significantly higher OS>1~L*1>Q(1)), and, impor-
tantly, are practically independent of the value of the dis-
placement of the vortex from the center of the systém.
Therefore, the results obtained in Ref. 35 for a vortex at the
center of the system may be used for these modes.
As we see from Fig. 4, the symmetric modesg., )¢
in Fig. 4b and(),, in Fig. 48 are degenerate with respect to
the sign of the frequency, while for the azimuthal modes the
frequencies split. Here it must be kept in mind that the dif-
ferent branches of the doublets that appear correspond to
different directions of rotation of the spin wavése., to
different signs of the frequengyin the case of a free bound-
ary the vortex rotates counterclockwise, as does the wave in
mode 2 (mode 3 rotates clockwise In the case of a fixed
boundary the vortex rotates clockwise, as does naénile
A in mode 3 the wave rotates counterclockwise. As was
FIG. 4. Fre . o _ gointed out above, the radial profile of the symmetric modes
4. quencies of the lowest-lying magnon modes of a system of siz . L . . .
L =24 with a vortex at the centéf:for free boundary condition&) and for practically coincides with the profile of these modes in the
a fixed boundaryb). The dashed curves show the corresponding eigenmod&ystem without a vortex and vanish in the vortex core, i.e., in
frequencies for the system in the absence of the vortex. the regionr <r . The shape of the azimuthal modes changes
substantially in the presence of a vortex: it is almost the same
as the profile of the wave function in the absence of a vortex
3.1. Classification of the eigenmodes of a system with atr~L, but it deforms and has appreciable maxiferceed-
a vortex ing the average mode amplitudeear its core. According to

the results of Refs. 35, 37, and 38, which are in rough agree-

.Wel start by cor;sidgring a_\/ortexrllocgted atthe ceptﬁr Ohent with the estimates for modes in the absence of a vortex,
a circular system of radius (R=0). The eigenmodes of the the absolute values of the frequencies of the modes in Fig. 4

LLEs linearized in the small additiongr,t) andw(r,t) will have the following values fok =24 and\ =0.9. For a free

have the form boundary: Q;~0.0015, ,)~0.044, 0 3~0.051, and
v(r,t)=vy(r)sin(ky—Qt), Q4)~0.1, and for a fixed boundary);,~0.0015, ()5,
~0.063, and(} 3y~ 4)~0.1. Comparing these data with
p(r,1) = p(r)cosky — Q). (10 Fig. 3, we see that the frequencies of mo@e8, and4 for

where the index classifies the radial functions with respect the two types of boundary conditions are close to the minima
to the number of nodes. The functiong(r) andu,(r) and  of the numerical dependence of the critical field amplitude
the corresponding frequency dependenfes(), (\) have on the pump frequency.

been investigated in detail in Refs. 35—38 for both fixed and  The arguments given above indicate that the scenarios
free boundaries. Figure 4 shovigualitatively) the functions  for the switching of vortices under an external influence must
Q=0 (N\) of the four low-lying modes of a system of ra- be much more complex than that proposed in Ref. 29, and
dius L= 24 for the case of freéFig. 49 and fixed(Fig. 4b  the excitation of azimuthal modes must be included in it. At
boundary conditions. It is seen that at the critical value of thdirst glance this seems strange, since we are interested in the
anisotropy\ =\ a bifurcation of modes witlk#0 occurs. change of polarity of the vortex, i.e., the change of the total
(Curves are plotted only for the modes wikkr 1, which we  projection of the magnetization of the system. In the sym-
shall call the “first azimuthal modes.” The splitting of the metric modes this change is nonzero and varies with time,
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while in the azimuthal modes it is equal to zero. However, inric mode we choose the lowest-frequency symmetric mode
the presence of an external influence the situation is altered2 in Fig. 4b). In the absence of the vortex and external field,
the solution corresponding to this mode has the form

3.2. Analysis of the action of a circular field on the r
symmetric and azimuthal modes VE%:AJO( p E) sinQyt,

For a qualitative description of the phenomenon, let us
first restrict discussion to a long-wavelength treatment and (O AQ) - 2] r
neglect damping in the system. Then the dynamical equa- *@~ @Fvo| P L
tions (8), (9) take the form

) cosQpt, (16)

where Jo(2) is the Bessel function{)=p/r, L, andp

de 1 ~2.4 is the smallest root of the equatidg(z)=0
= _ _ 2y | . .
o MAd=M=(Ve)) (mf AR As the azimuthal mode we choose the mode which in the
absence of the vortex and pump goes over to the low-
mivym? = m frequency azimuthal mode with the solution
————+h—cog o~ wt), (11)
m_ m; r
n vg:BJl(T)E)sinX sinQat,
E=V(me<p)—hm_sin(go—wt). (12
r
0)_ 27 (="

We consider a vortex found at a short distarRe&L '“<3)_BQ<3>rVJ1<pL)S'nXCOSQ<3>t’ (7

from the center of a circular system of radius Since the ~ . , .

velocity of the gyrotropic motion of the vortex in this case is Where€Q(s)=»/r,L andp~3.8 is the smallest nontrivial root
small: V=R/L2<c=2(1-\)"2 (wherec is the spin-wave of 'the equationJ,(z)=0. Gengrally speaking, the given so-
velocity), we can limit consideration to the static vortex ap- Ution corresponds to a standing wave. The mode in question
proximation. Here the gyrotropic rotation of the vortex with IS twofold degenerate, and the two different solutions corre-
frequencyQ ~ L ~2 and the change of its shafia particular, spond to spin waves rotating in opposite directions and de-

the appearance of power-law additiofm~V/R to solution ~ Pending on time and the angular coordinates as:syn(
(5)) is taken into account foR—0 by the presence of the +Ot). In the absence of the vortex these two solutions have

lower azimuthal model in Figs. 4a and 4b In a static slightly different frequencies and shapes. These differences
vortex themth component of the magnetization is nonzeroMay be the cause of the asymmetry of the process of vortex
only in its core of radius . Outside that region we can set switching in a circular field. Nevertheless, being interested in
m(r,t)~ u(r,t) in Eqs.(lly) and(12). To satisfy the bound- the qualitative influence of the azimuthal modes on the

ary conditions for a vortex displaced from the center, soluchange in polarity of a vortex, we shall ignore this circum-
tion (4), which is written in polar coordinates tied to the stance and use the following ansatz for the solution of equa-

center of the vortex, must be modified as follows: tions (14) and (15):
Rt v= V(2)(r,t)+V(3)(r,t)SinX,
@o~x+ —5siny. (13 )
L? m= o) (1,0 + pe(r,tsiny, (18

Fora qualitative treatment of the cas€L we can limit  \ynere the radial dependences of the functiops and .y
consideration to the regior>R and treatr and x as polar  gre close to those in solutioi$6) and (17). Indeed, as was
coordinates tied to the center of the system. For the previshown in Ref. 35, the profiles of all the modes except mode
ously introduced small additions and v to_the static vortex 1 giffer only slightly from the profiles for the corresponding
solution, Egs(11) and(12) reduce approximately to the fol- goytion in the absence of the vortex in all regions except the

lowing: vortex core.
v 1 Here we must make an important remark. In this Section
—=—uthmcoggg—v—ot), (14)  we are actually ignoring the component of the vortex so-
gt lution, and, although we are considering small values of the

I anisotropy, we are nevertheless dealing with a vortex in a
ry =Av—hsin(¢g—v—wt), (15 plane. In this case there should be no asymmetry of the vor-
tex switching. Asymmetry can appear only when the differ-

with ¢y given by formula(13). (In the derivation of Egs. ence between azimuthal modgand4 is taken into account
(14) and(15) we have dropped termsA . and~ u(V ¢q)2, along with the lowest-frequency modewhich alone, unlike
which are small compared to the main termérﬁ in (14).) all the higher-lying azimuthal modes, does not belong to a
Equations(14) and (15) are supplemented by the boundary doublet pair of close-lying modes. Then the problem is com-
conditionsy|, = u|_ =0 at the(fixed) boundary of the mag- plicated substantially, since we cannot use an$a& for
net. “standing waves” and are forced to consider spin waves ro-

For a qualitative understanding of the difference betweerating in different directions. But the consideration of two
the different scenarios for the action of a circular field on themodes,2 and (3,4), allows one to demonstrate clearly the
system, let us analyze the dynamics of only two spinprocess of interaction of modes of different symmetry on a
modes—one symmetric and one azimuthal. As the symmegualitative level.
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After substituting ansatz18) into Egs.(14) and (15), dM 3 R D,
performing a linearization of the trigonometric functions in T+Q<3>¢<3)=h[f Wcosm
them with respect to smail,) , and integrating the awkward @
equations obtained over the angular varighleve obtain the
following pair of equations: —hg Q(z) 5 sinwt—hscosot,
e _ 2 hRY coswt + " sinwt, (19 (26)
= - - w - wl,
ot I’,Z, K2 212 K2 2 K3 where
(9,(1,(2) h Rt h Rr 3%0.25, b%042, C%0.77,
=A v+ - Sinot+ Z v — coswt
ot 2L 2 7L f~0.88, g~1.2, ands~2.79.
h ) One notices the complicated character of the excitation of the
5 V(3 SiNwt, (20) system under study. There is a direct excitation of the sys-

tem, described by the last terms on the right-hand sides of
where A, = g%/ gr?=—(1Ir)alor. We see that these equa- (24) and(26), a parametric pumping—the first terms on the
tions do not form a complete system, since they contain all 4ight-hand sides of all the equations, and a complicated mu-
functionsv(,y and i,y - The other two equations needed aretual influence of the different modes—the second terms on
easily obtained if before integrating Eq44) and (15 over the right-hand sides. In addition, an asymmetry of the direct
the coordinate one first multiplies them by ginThen one  action of a circular field on different modes is seen: it is large
obtains the following additional pair of equations: for the azimuthal mode and smdiin the parameteiR/L
<1) for the symmetric mode.

071/(3) 1 3h Rr
= — u3y— hw(o Sinwt— — — coswt, (21
at r,% © @ 2 L2 3.3. Effect of the field on the symmetric modes
s As we have said above, in Ref. 29 a simple scenario was
=|A,— —2) v3y—hcoswt—hv, sinwt proposed for the action of a circular field on a vortex wherein
at ry only a symmetric mode is taken into account. If we set
3h Rt M3y=®3=0 in (23) and(24) and introduce the new vari-
(22 ables®=®d )/, and M= M(Z)/Q(z), then Egs.(23)

+ — V<3)_2 coswt.
2 L and (24) take the form

We shall assume approximately that the radial dependence of dq)

the unct|on3v an remain the same as in the func-  — =05 ®
tions v(n) and ,ugﬂg (Here A vy =—120%v(5) and @,
— 1) vgy=—r20% v .) Setting dM
@~ ) —= =~ ® = AP cosat+hA, sinot, 28)
v2)=P2)(1)Io(pr/L)1350 ),

where Al—(R/L)c/Q2 , Az—(R/L)a/(Q(Z)r ), and B
—(R/L)aQ(z)r In the linear limit and in the absence of
damping, these equations are the same as those derived by
the authors of Ref. 29. Unfortunately, the values of the pa-
rametersA; andB were not calculated or even estimated in
Ref. 29. The nonlinear analog of EqR7) and (28) with
damping taken into account was used by the authors of Ref.
29 to explain the asymmetry of the vortex switching process

m2)=M2)()Jo(pr/L),

V(3= D3 (1)1 (Br/L)/130 ),

Mz)=M3) (1)1 (pr/L)

and integrating Eq€19)—(22) overr from 0 toL, we obtain
the final system of equations:

d<p(2) with respect to the sign of the frequency of the external field.
g QeoMa=-h{ aQ(2>r M2 coswt They showed that the asymmetry of the functidn,
=h,(w) comes entirely from valueshg~ |w/Q(2)
—th(z)r,z,M(3) sinwt, (23 —B/A;| L. For estimation they took the valu@-=A, and
dM o, reached the unjustified conclusion that there is a strong dif-
“V(2) (2 ference in the value ofi, at frequencies of opposite sign
“at T fe®es " L20,r2 cosot which are close to the resonance frequenaies= (), (we
are talking about a vortex with a fixed sign of the polariza-
—hb (D<3>2 sinwt+h Ec sinot tion). However, as is seen from our approximate calculations,
3 L ' B/A~4L~*~10"3. Thus in actuality there is no asymmetry
(24) of the vortex switching with respect to the sign of the fre-
quency in the scenario proposed in Ref. 29. It is also seen
dd 5 from Egs.(27) and (28) that sinceA;, B~R/L, all of the
dt QgMz= _h_fQ(3)r »M3) COSwt effects due to the external field are small and vanish in the
limit R—0. Meanwhile, in experimental studies of vortices
+hgQ 3 r2Mz sinet, (25 and the switching of their polarity in magnetic nanodots, as a
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rule, the vortex is located at the center of a circular dd b Q

systen?®? |t is easy to show that as a consequence of this WJFQ(Zz)‘D( —h= P Q(Z) @3 sinwt, (34
smallness, the second term on the right-hand side ofZ).
can be dropped, and systg@y7), (28) reduces to the equa- d? D3 ) g Q) )
tion of an oscillator under the simultaneous influence of a g+ e®P@=~"h=2 20 2)(1) (2) Sinwt
direct and a parametric pump: (
- hsfl(g) COSwt. (35)

e R
74’9(2) 1—h

a R
g 292 coswt |[d=h— csrnwt

(2)

(29

We have arrived at an unusual system describing two
oscillators coupled via the external field. Here the essential
difference of the symmetric modzand the azimuthal mode

In this equation the amplitudes of the two types of exci-3 lies in the fact that a direct resonance action occurs only

tation are small

and approximately equahRa/La?
~hRdL=¢<1. It is seen that at frequencies= =),

on the azimuthal mode. At the frequency of this azimuthal
mode there is an ordinary resonance  with

there are direct resonances, the solutions for which are easitp ;)= —hsQ, 3, COSwt/(Q(3) w?)~hL, which is symmetric
found in the form an expansion in powers of the parameter with respect to a change in the sign of the frequency. It is

e Sinwt Lo 2)
—h e
(O~ 0?)

Here additional weaker resonances arise at frequencies ®2)=
etc. Parametric resonances

accompanied by a resonance at one-half the frequency of the
symmetric mode:
ZhZSb()(z) Sin Zwt

2 5 h2L3
1202, —4w)(40%, —0F)

arise at frequenc|es +29(2), and the corresponding so- and by a sequence of resonances at lower frequencies.

lutions are also constructed in the form of expansions in

The parametric resonances in this system are rather un-

power ofe. The regions of exponential growth of the ampli- usual. The main resonances lf) are observed at the sum

tude, as usual, are bounded by the straight lines2(} ,,

frequenciesn = = (3y+ {1(2)), and the region of exponen-

+0.0hR. Here we see that the picture of the resonancdial growth of the amplitude of the solutions is bounded by

excitation of the systenfboth direct and parametjiés ab-

the lines

solutely symmetric with respect to a change in the sign of the h \/@

frequency.

3.4. Taking azimuthal modes into account

U
215 VO 2 3)

Here each of the two generalized oscillators oscillates at
approximately its own eigenfrequency:

We propose a different scenario for the effect of field on h @
the system—one incorporating the excitation of the azi- Qy(N)=0Q;y* W (37)
muthal modes. It is seen from Eq23)—(26) that in this case 2
a circular field influences the vortex even when it is located ~ Besides these resonances there also exist weaker
at the center of the system. Here the terms proportional to the~h?) parametric resonances of the usual type at the
small parameteR/L~¢ can be dropped in the leading ap- doubled eigenfrequencies of the systerf) 2 and 2} 3.
proximation, and we arrive at the simplified system of equa{n those resonances both generalized oscillators oscillate at a

tions common frequency{,y or {)3)). The region of exponen-
4 tial growth of the amplitude is bounded by the parabolas
— & 05 M =hbQ 5,1 2M 3, sinwt (30) b 1 1
gt @M@ 3) , 29
=200 NG 0, (@5, - 0%) 39
M) +Q®2=—hb P Zsrnwt (31  wherei=2,3, i.e., unlike the previous casehen only the
dt Q(3>rv symmetric mode was taken into accouwhere w—2() 5,
dq)(s) ~hR, now the regionzs ??f this resonance have alwidth of the
T — Qg M3 =hgQyr M<2) sinwt, (32 order of w—20jH~h"L : It beco.m.es quadratle in the am-
plitude of the external field, but it increases with increasing
dM s, Do size of the system. _ _ _
TJrQ(3)<I>(3)=—th(z)rzsmwt—hscoswt. We see that inclusion of the influence of azimuthal

33 modes on the system radically alters the picture of the effect
of an external field on a spin system in the presence of a
We see that in this case the direct pumping acts only omwortex and is absolutely necessary for solving the problem of
the azimuthal mode, while the symmetric mode is acted owortex switching in a circular field. However, for explaining
indirectly by the field—also via the azimuthal mode. As in the asymmetry of this process upon a change in the direction
the previous case, by making use of the smallness of thef rotation of the fieldor of the polarization of the vortesit
parameterL ~2 the system of equation30)—(36) can be is necessary to take into account the presence of a nonzero
substantially simplified, reducing it to two second-orderprojection of the magnetization and the asymmetry of the
equations: properties of the azimuthal modes with respect to the direc-
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We consider an electron system under conditions of strong Anderson localization, taking into
account interelectron long-range Coulomb repulsion. We establish that at sufficiently

low electron densities and sufficiently low temperatures the Coulomb electron interaction brings
about ordering of the Anderson-localized electrons into a structure that is close to an ideal
(Wignen crystal lattice, provided the dimension of the syster»Is This Anderson—Wigner glass
(AWG) is a new macroscopic electron state that, on the one hand, is beyond the conventional
Fermi glass concept, and on the other hand, qualitatively differs from the known “plain”

Wigner glass(inherent in self-localized electron systenis that the random slight electron
displacements from the ideal crystal sites depend essentially on the electron density.

With increasing electron density the AWG is found to turn into the plain Wigner glass or Fermi
glass, depending on the width of the random spread of the electron levels. It is shown that

the residual disorder of the AWG is characterized by a multivalley ground-state degeneracy akin
to that in a spin glass. Some general features of the AWG are discussed, and a new
conduction mechanism of a creep type is predicted.2@?2 American Institute of Physics.

[DOI: 10.1063/1.1531397

1. INTRODUCTION than that of the electrons/holas the ground-state space
structure of the lattice gas of the charge carriers, though dis-
ordered, is obviously close to the corresponding Wigner
crystal lattice(WCL), since the WCL spacing,,~T, while
the random charge carriers’ displacements from the WCL
ns_ites are~ag. Such arandomly but slightly disordered WCL
is often called Wigner glass.
The present paper aims to draw attention to a new type
of Coulomb ordering that can occur in Anderson-localized
the wake of Wigner's prediction a natural question was€lectron sys_tem:quor definiteness, we consider th_e Io_cali_zed
raised whether long-rangéweakly screened Coulomb charge carriers to be eIectro)ﬁhe Anderson localization is
forces can lead to ordering of charge carrier ensembles iRonsidered to be “strong” in the sense that the external ran-
conductors. The experimental evidence that has been cdflom potential localizing the electrons exceeds the mean en-
lected to date shows that it is very difficit possible atall ~ €r@y of the Coulomb repulsion per electran~e?/xT.
to observe the Wigner crystallization in conventional con-Without essential loss of generality the external potential can
ductors. Therefore, charge carrier Coulomb ordering shoul§e conceived as a random set of potential wedknters of
be expected to exist first of all under conditions such that th&lectron localizatiop) the spread of their electron levels
kinetic energies of the charge carrier movement over a corithe disorder energybeing >&c. The smallness oé¢ as
ductor are sufficiently small. compared withA is believed to be a good reason to describe
At present much attention is being given to electron/holéhe influence of the Coulomb electron—electron interaction
lattice systems with so small an overlap integral that tunnelon an Anderson-localized system in terms of a Fermi glass,
ing of the charge carriers between the host-lattice sites i§ random system of the electrons occupying all wells with
suppressed by their mutual Coulomb repulsion. Under thesenergies less than or equal to the Fermi energy Up to
conditions aCoulomb self-localizationf the electrons/holes now, the Fermi-glass approximation, modified to allow for
inevitably takes place, bringing about their ordering in thethe existence of the so-called Coulomb gd&gfros—
following two cases: 1LIf the host lattice is regular, an in- Shklovskii gap® at the Fermi energy, has been the basic
commensurate electron/hole structure is generally formed foapproach to the problem. We show further that at sufficiently
any charge carrier density. 2) If the host lattice is disor- low electron densities),, and sufficiently low temperatures,
dered, but the mean separation of its siegs, is much less T, the mutual Coulomb repulsion of the electrons inevitably

As was shown by Wigner long addhe slow decrease in
the Coulomb electron-electron interaction potengflkr (e
is the free electron charge, is the distance between the
interacting electrons, and is the permittivity with increas-
ing interelectron distance inevitably causes the Coulomb e
ergy of a free-electron gas to exceed its kinetic energy ar ©
sufficiently low electron densities, with the resulting transi-
tion of the gas into an electron crystddigner crystal. In

1063-777X/2002/28(12)/5/$22.00 930 © 2002 American Institute of Physics
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forces the Anderson-localized electron ensemble to be ar- g2 N
ranged close to the WCL, provided the dimension of the EC=2—‘E IRi—Ry| ! (5)
system d>1. This Coulomb-ordered Anderson-localized K"i"fkl

electron system, which can be called an Anderson—WigneIr

glass (AWG), is beyond the scope of the Fermi-glass concep?
There are strong reasons to suggest that the random N

spread of the energy levels of the Anderson-localized elec- Eexc(R):Z e(Ry) (6)

trons results in a qualitative difference of the AWG from the =t

above “plain” Wigner glass inherent to the Coulomb self- is the total excitation energy, i.e., the energy of the noninter-

localized electron systems. As will be seen from the follow-acting electrons localized at the wells.

ing, in an AWG, unlike the plain Wigner glass, the electron ~ We aim to find the structure of the electron configuration

displacements from the WCL sites depend essentiallgon R4 that minimizesE(R).

This imparts to the AWG a number of new interesting fea-

tures. In particular, it will be shown below that an increase in

ne turns an AWG into a Fermi glass or a plain Wigner glass

depending on the value of the parametgrA/ey (gq

the energy of the mutual electron repulsion and

'3. ELECTRON ORDERING AND FERMI-GLASS INSTABILITY

=e?/kry, g is the mean separation of the wgligoverning Let us first discuss how mutual electron repulsion affects
the interplay between the random spread of the electron lewhe ground state of the Fermi glass in the limjg—0. As
els and the Coulomb interelectron repulsion. ep<A, from Eq. (1) we obtain

The residual disorder in an AWG is further described in
terms of adipole glass a random system of interacting di-
poles that issue from the WCL sites. The dipole representa:e., e decrease$inearly with n,. Sincee is proportional
tion of the disorder offered here turns out to be helpful forto n}®, we find that ford>1 the ratios /e cocn{® 2/ tends
revealing a multivalley degeneracy of the AWG ground stateto zerowith a decrease in,. Hence, as\, goes to zero, the

ne: n08|:/A,

reminiscent of that in spin glasses. Fermi glass becomesnstablewith respect to mutual Cou-
lomb repulsion of the electrons, the energy [Eq. (5)]
2. THE BASIC ASSUMPTIONS dominating the excitation energie¢R).

) As is known, the absolute minimum & is realized by

The quantum numbers of the Anderson-localized elecy \wcL. Since the electrons of Fermi glass aamdomly
tron states are .the radius vectdrsof the wells’ center_s. arranged, the Coulomb energy per electron of the Fermi glass
These states will be denoted ifg). The electron energies ayceeds that of the WCLe,,, significantly, i.e., by an
£(R) in the statesR) (We. will call them excitation engrgi&s amount~e¢. This suggests that for sufficiently lon, the
are random values, while the structure of tReset is as-  ¢onfigurationR,, falls into a class ofR that meet the follow-
sumed to be arbitrary; in particular, it can be regular. Theng conditions: j for each WCL site there is an electron
lowest of the excitation energies is taken to be zero. As Wgycated in a small vicinity of the site;)ithe upper bound,

are dealing withs(R)<A, the densityv of the number of ¢ the excitation energies:(R,),...,e(Ry) satisfies the
excitation energies on the interal,s +de] can be written  jhequalities

in the form

cp<<gp<ec. 7
v=gny/A, (1) F=op=ec ()

_d ) The energy per electrasy, =E(R)/N of suchR is neargyy .
whereng~r, " is the density of the wells, and the constant|; cannot be less thasy, 8Seex=Ee/N is positive(more
g~ 1. For simplicity, in what follows we pug=1. precisely, it is=ep).

In the considered limiting case of low electron densities Any configuration of the above class is bound to belong
we can neglect perturbations produced in the eigenstates gf the set of pointR at which e(R)<e,. The density of
the system by the electron-electron interaction with accuracy,ege points equals,y(s,/A). Correspondingly, their mean

to additions of the order of separation is
<1, ) p(ep) ~To(Alep) ™. ®

2
)\=y_1(rr=0> exr{ - rr_o
' It is much less than the WCL spacirggy~T1 owing to the
wherer=r is the localization radius. In this approximation, first of the inequalitieg7). Therefore, for each WCL siten
the eigenstates can be identified with there are inevitably severd of the set such thatR—m|
IR)=|R1)|R2)...|Ru), 3) ~p. _Popl_JIating these “pro_ximat_e” statgR) (one electr_on
per sitg yields just the configurations of the class mentioned

where R=R,...,Ry denotes the set of wells occupied by aphove. For such a configuration the eneegyis the sum
the electrons, ani is the number of electrons. The complete

set of eigenstates comprises all possiBlewith different er=ewt Oe, ©)
R;...Ry. With the same accuracy, the eigenvall&SR)  \where 8¢ is expected to be a small correction #g,. It
corresponding to the statéR) take the form consists of two terms:

E(R)=Ec(R)+Eexd R), @ p\2 ro|®
Where de=a T ewtb ; A. (10
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The first term is the deformation energy produced by electhat|d,,|<ay, for the configurations considered and expand-
tron displacements over distanceg from the WCL sites. ing E¢ in powers ofd?, (the indexa enumerates the compo-

The second term ise,. expressed in terms qf in view of  nents of vectors in the quadratic approximation we obtain
Eq. (8) and the fact that .~ . The factorsa=a(R), b

2
_ . - e N e aa
=b(R) depend_on th_e details (R but they are both-1 for Heﬁ=2 %(dy) + 7o 2 Ao (M=m")d2d® . (14)
any of the configurations considered. m Knm'
The ground-state correctiodg, to &y is the least of :
the 8¢ values. Puttinga, b=1 in expressior{10) and finding Here the matrix
its minimum with respect te, we obtain the estimate A o (M)y=|m|3(8,,—3m,m, /|m|?)
2 [t Z_ijf;; determines the interaction of two dipoles issuing from sites
Seq~ ydiz 2 Ew, (11) 0, m; the function
2
e —_— r
the minimum being reached at e(dy)=e(m+d,)+ Z—KAaa,dﬁd;’] ,
-1 1
_ 1 [rg\d+2 A \dF2 where
p=p~7m(7— aw~| 52| o (12
C _
where y is the parameter defined in Sec. ME: Agar= _% Agar(m).

=(ro/T)%ec; the physical sense of this energy parameter ) o )
will be explained below(Sec. 5. The quantityp character- Here and below, summation over repetitive indexes:’ is
izes the deviation ofR, from the WCL. implied, and the sums aof, m’ are taken over all WCL sites.
Expressiong11) and(12) show thatdey/ey andplay The second term ir(d,,) is the energy of interaction of a
both go to zero whei/r,—=. Hence, for sufficiently low given dipole with the WCL; the second term in E34) is
ne the ground-state electron configuration is the WCLthe energy of the dipole—dipole interaction.
slightly perturbed by random electron displacements from  The Hamiltonian (14) has sense provided thatl ey
the WCL sites. This is just the AWG mentioned in Sec. 1.<Nsy. This is true if not only|d,|<ay but alsos(m
The space structure of the AWG differs from that of the plain+ dy) <ec. As follows from the previous Section, the di-
Wigner glass in Coulomb self-localized electron systemgpolesd,, meeting these requirements are bound to form some
(Sec. 2 in an important aspect: the typical displacement ofrandomset, i.e., the dipole system considered is in fact a
the electrons/holes from the WCL sites in the plain Wignerdipole glass There are good reasons to suggest that the di-
glass is of the order of the geometrical constagt while  pole glass has much in common with the spin gfa3te
that in the AWG,p [Eq. (12)], depends not only on the geo- Similarity becomes clear if one considers a fairly simplified
metrical parameter, but also on both the disorder eneryy ~model in whichd,=densy,, the independent variablesg,
and the electron density. ==*1, dy is a constant, and the unit vectogg constitute
It should be noted that estimatésl) and (12) can be some given random set. In such a cékg takes the form
rewritten in the form

_ 1 2 Het= 2 JmmSmSm+ 2 h(sm), (15)
p SF)EH—_Z Oegy (SF)EH_Z 13 m#m’ m
ay \ec ew lec) 13 here Sm play the role of “spins,” Jym =d3A 4. (M

It follows herefrom that smallness ef- as compared with —Mm’)enep, , arandomfunction of m, m’, is correspond-
ec is sufficient for the AWG to come into existence. ingly an “exchange integral;” the function h(s,)
=¢(dge,sm) can be considered as an external random field.
The system with the Hamiltoniafi5) falls into the class of
spin glasses possessing their known general property: a mul-
To gain better insight into the “residual” disorder of the tivalley ground-state degenerady The real dipole Hamil-
AWG ground state it is necessary to consider all electrorionian(14) differs from the model onél5) only in that each
configurationsR that are close tdRy. To this end, it is dipoled,, meeting the above conditions runs through a given
appropriate to map these electron configurations on the sefiite random set that comprises more than two vectors.
of dipoles issuing from the WCL sites. The mapping is basedrherefore, the multivalley degeneracy of the dipole-glass
on the fact that each pair consistingafieutral (empty) site ground state holds in the general case.
of the WCL+the electron of a given configuration nearest ~ An adequate description of the above-mentioned degen-
to the siteis the same as the pair describedttas site with ~ eracy can be given in terms of\f excitations,” which are
the electron-dipole al,,, where the dipole vectod,  dipole configurations that contaiv>1 dipoles other than
=R-m, R andm are the radius vectors of the electron andthose in the ground state. The total numBesf the A/ exci-
the site, respectively. In dipole terms the Hamiltoni@  tations is exponentially large i/, while an increase in the
takes the form dipole glass energy produced by Afexcitation cannot ex-
E(R)=Ney+H cengsg. Therefpre, the typicgl s.eparation between the
W effs neighboring energies of th&~excitation energy spectrum,
where the effective Hamiltoniahl . is a functional of the SE(N)xA7Z, is exponentially small in\. Due to the
dipolesd,, as the independent variables. Taking into accountlipole-glass randomness the gap between the lower bound of

4. DIPOLE GLASS
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the A-excitation spectrum and the ground-state energyg. SOME GENERAL FEATURES OF THE AWG
OE4(N), is comparable wittSE(N). This just results in the i i
multivalley degeneracy of the dipole glass ground state, Macroscopically, the AWG manifests both electron-
since in the limitN— o there are an infinite set of exci-  cystal and glassy-state features.

tations (“valleys” ) whose energies differ from that of the Due to the proximity of the AWG space structure to a
ground state only by exponentially sméh N) values, their WCL the only possible one-electron excitations that can

dipole arrangements having nothing in common with ondransfer charge in the AWG are point defects, positively
another. charged WCL vacancies, and interstitial electrons. In other

words, the one-electron variable-range hopping that is inher-
ent to the Fermi glassis impossible in the AWG. In this
respect the AWG is similar to an ideal Wigner crystal.

5. THE AWG EXISTENCE REGION Conduction in the AWG is by two mechanismstrians-

fer of charged point defects) imulti-electron processes of a

E§t|mate_s(12) ShO.W that the rat|q7_aw 'S a monotoni- creep type that reside in the dipole glass. Here we only out-
cally increasing function of,, thoughp itself is a mono- line them

tonically decreasing one. This brings about, depending on the The above point defects form an ideal gas whose con-

value of the parametey, two different scenarios of what ductivity o 4., being proportional to the concentration of de-

happens with the AWG as,, increases. Ify>1, the typical i .
L i fects, depends on the inverse temperature exponentially to
electron deviation from the WCL sitgs inevitably reaches o . i
within a pre-exponential factor:

values~a,, with an increase im, the ratioeg/ec, as is
seen from Eq(13), becoming~1. This allows the conclu- e, &
sion that there exists some criticaL=n.; at which the O def & ex;{ T )
AWG turns into a Fermi glasgsupposedly, by a second-

order phase transitignDenoting byg the critical ratiop/ayy Here e,~&c and ;~e¢ are the energies of vacancy and
corresponding tm; (it is bound to be<1/2), we find from interstitial-electron formation, respectively;¢,). Itis in-

Eqg. (12 teresting that at sufficiently low temperatures the pre-
exponential factor obeys Mott's law for the Fermi glass.
Namely, T is bound to be less than the quaniilyy<ec (Eq.
(11)), which is the typical value of the random spread of the
electron energies in an AWG. With respect to the hopping of
a point defect between WCL site8g 4 plays the same role as

d(d+2) —d
ncl""B d-1 ’ya—_lno

For y<1, an increase im, reducesp down to its least
possible valuer, the ratiop/ay, remaining<<1. This occurs he di f the famili o
for A~ SE.. The parametesEv is the typical change in the (he disorder energy of the familiar Mott's picture.

Coulomb energy of the system as an electron is shifted over, 1he conduction of the second type is by a creep in the
a distance~-r. Therefore, if6Ec>A, the random spread of dipole glasgSec. 4 produced by the creation and annihila-

the electron levels can be neglected to good accuracy, arlpn of A/ excitations as phonons are adsorbed and emitted by

the arrangement of the Anderson-localized electrons is erﬁ‘VlYG eleqtrorr:s. Irt] IS essenn?l thaﬁ only thaséexcitations
tirely determined by the mutual electron repulsfoin such take part in the charge transfer whose enerfigsare expo-

a case the space structure of the Anderson-localized eIectr(ﬂ?mia”Y close in\’ tq t,h? AWG grounq-s.tate energy .
system is in fact the same as that of the self-localized Sys'(Ag:c.ordlng to Sec. 4, itis just these eXC|tat|0ns.th§1t cause the
tems discussed in Sec. 1, i.e., it is an incommensurate eIeH1f|n|te degeneracy of the AWG ground statdl is just the

tron structurd (the potential wells are regularly arranget ~ €XPonential smallness d&,\—E, that makes possible the

plain Wigner crystdl (a disordered arrangement of the creation and annihilation ofV" excitations by one-phonon
wells). Hence, for sufficiently smaly the AWG is bound to absorption and emission at temperatures as low as desired.

turn into a structure of the self-localized type at some criticall '€ corresponding\ are determined by the relatioB,y

n.=n., meeting the conditiol ~ SE. . From the second of _ E¢~ T+ This givesA™~In(ec/T). Taking into account that
the estimate$12) we have the quantum amplitude of transitioproduced by the

electron-phonon interactiofetween the ground state and an
N excitation is proportional ta?" [the parametek<1 has
been defined in Sec. 2, E§R)], we find the contribution

o ceepMade by the creep mechanism to the AWG conductiv-
ity to be given by the following estimate:

di3
Ne2~7y No.

It follows from the aforesaid that the AWG existence
region on then,, vy plane is bounded by the axis and the
two curves ng=n(vy) an(_:I Ne=nNca(7y) (ncl(’y)-—)() as a'creepoc(T/EC)iz“n Ny
y—®; Ng(0)=0). They intersect at the poinh,=ng
~ B9, y=7~pB3, the valuen, being the maximah, at  As Tcreep depends orl by a power law, it exceeds g at
which the AWG exists. sufficiently low temperatures.

Heating affects the AWG il exceedsdeq, both terms The multivalley degeneracy of the dipole glass, like that
in Eq. (10) (p=p) being ~T. Under these conditions the in a spin glas¢,is bound to cause an infinite spectrum of
dipole thermal-fluctuations amplitudé;~T(ec/T)*? the relaxation times, and, in consequence of this, nonergodic be-
fluctuating dipole vector taking values(T/ 5sg)1*d’2. AsT  havior of the AWG. This can be revealed by the observation
increasesgd; becomes~-a,,, and at some critical ~ec the  of various relaxation processes in the AWG that go on for
AWG turns into a glassy state. anomalously long times. An example is the relaxation of a
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Tensile test diagrams of commercial-grade polycrystalline titanium foil are obtained in the
temperature range 10—-373 K, and the corresponding work hardening curves are plotted as stress
versus plastic deformatiows(e,,). It is shown that the hardening curves consist of tab

low temperaturesor three(at high temperature¢gragments or stages, which are approximated by
the equatiom:constkhsg with constant rheological parametarsand h within each stage,

and the empirical values of these parameters are determined over the investigated temperature
range. The behavior of the hardening curves is compared with the features of the substructure
evolution of the polycrystalline titanium at different stages of the plastic deformation, which are
revealed by methods of electron and optical microscopy. The presence of correlations

between the individual stages of the hardening and the structural states formed in the samples in
the process of deformation is established. The effectiveness of the different types of
substructures—ensembles of randomly distributed dislocations, reorientation bands, and twins—
in the hardening of polycrystalline titanium is discussed.2@2 American Institute of

Physics. [DOI: 10.1063/1.1531398

INTRODUCTION methods of analysis of the parabolic deformation curves of
The behavior of the hardeni in the plastic def single crystals;” one can reveal the staged character result-
'he fe aV|or|o tf? ar (ra]nmg crrye n tf ehp astic de Or"ng from the succession of structural states: from randomly

"?a“on 0 CFVS‘?‘S re ects t € evo ution of the system Oljistributed dislocations to ordered dislocation formations,

dislocations which arise and interact. Two factors—the in- L 10

. . : oth disoriented and nét.

crease of the total density of dislocations and the character gf - . , .
T ’ Establishing the interrelation between the behavior of

their distribution—underlie the phenomenon of work harden-, o : .

. L the parameters appearing in the equations used to approxi-

ing, determining its rate and level, and, hence, the mechani- . o

. . . . ._mate the stress—strain curves and the regularities in the evo-
cal properties of crystalline materials beyond the yield point

The changes of the structural state of a sample in the proceL%t'on of the substructure of a deformable sample is key t0 a

of plastic flow correspond to specific mechanisms of Wc)rkdeeper understanding of the nature of work hardening. The

hardening and cause the stress—strain cuté® to have a absence of studies of the evolution of the microstructure
staged character, i.e., several extended segments with diffe?lond the deformation curve has prevented the majority of
ent values of the hardening rater/ds. Usually the staged authors from obtaining convincing evidence of the staged

character is clearly expressed for single crystals with singlef@turé of the work hardening of polycrystals. Information
slip. about the dislocation structure is taken from published

In polycrystalline metals a distinct staged character ofSources and invoked to explain the features of work harden-
the stress—strain curve is generally not discerned. Granted, [R9: often without the necessary rigor in the interpretation of
a number of metals with the fcc lattice in the absence of eas{hat information, especially in cases where the studies have
slip the linear parts of the second stage of the hardenin§€en done over a wide temperature range. The results ob-
curves of single crystals and polycrystals turn out to be partained for a number of polycrystalline bcc metals and alloys
allel, while the third stage, varying by a parabolic law, has dn Ref. 7 are an exception to this. There a stage-by-stage
complicated charactérPolycrystalline samples of bcc iron electron microscope study of the dislocation structure of a
also exhibit hardening curves similar to those of single cryssample at values of the strains corresponding to definite
tals with the(001) orientation. In addition, in both cases a stages on the tensile test diagram permitted the authors to
cellular substructure arises after a tensile strain greater thagstablish the correspondence between its structural state and
0.03, when the dislocation density is<30° cm 2 (Ref. 2.  the staged hardening curve.

It should be emphasized here that the dislocation substruc- In the analysis of the stress—strain curves of hcp metals
tures formed and the sequence of structural changes that oaf group IVA (a-Ti and a-Zr) it has been observef—°that

cur in an individual grain of the polycrystalline aggregate arethe presencéor absenceof staged work hardening depends
analogous to those observed in single crystals. Using speciah the straining temperature and on the impurity content of

1063-777X/2002/28(12)/7/$22.00 935 © 2002 American Institute of Physics
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the given metals. In the absence of systematic investigations, We note that for interpreting the work hardening rate in
solely on the basis of general information about the dislocathe framework of dislocation theory one ordinarily uses the
tion structures formed in these metals, it was conjectured thatlation o(e,), where e, is the true plastic deformation,
the regularities observed in the variation of the work hardenwhich can be found from the condition
ing are due to the circumstance that the transverse slip of e oIM- )
dislocations, with the formation of a cellular substructure, ep= & ol
can occur rather easily. However, the direct interrelationshifiere M is the combined modulus of the machine—sample
between staged work hardening and the structural state of trgystem(in our caseM ~25 GPa at load levels up to 750.N
sample was not established. The differences between the(e,) and o(e) curves can be
Recently we made a detailed electron microscope studgeen by comparing the data in Figs. 1 and 3. To determine
of the evolution of the dislocation structure of polycrystalline the values of the work hardening rate-do/de |, after con-
titanium under tensile straining in the temperature rangetructing the hardening curvege,) at different experimen-
4.2-373 K*'2 Knowledge of the substructure that forms tal temperatures we differentiated them along each curve. At
along the the strain curve makes it possible to compare thé0 K the deformation curve foe,>0.04 became saw-
characteristics of the substructure with the behavior of théoothed, reflecting the jumpy character of the plastic flow
hardening rate. In the present paper we obtain tensile tesf titanium (see Fig. 1, and therefore the derivative
diagrams of a polycrystalline titanium foil in the temperature 6=do/de, for this case was determined from the envelope
range 10—-373 K and construct the hardening curves corresf the jumps of the curve.
sponding to them in coordinates of true stress versus true In the dislocation theory of plastic flow the deforming
plastic deformation. A special analytical processing of thestresso can be written as a sum of effective and internal
hardening curves has revealed their staged nature and masigesseso= o™ + 0. Empirical estimates of the effective
it possible to determine the rheological parameters charactestresso™ and the internal stress; have been obtained by
izing the work hardening within the individual stages. A several methods separately in measurements of the rate sen-
comparison of the hardening curves with the electron micrositivity of the deforming stresd /A In& and the stress re-
scope data of Refs. 11 and 12 revealed a correlation betwedaxation depth>—*°
the individual stages of hardening and the structural states The dislocation substructure of deformable samples was
formed in the sample during the deformation, making it pos-studied on an F-200 electron microscope at an accelerating
sible to establish the effectiveness of different types of subvoltageof 175 KV using “self-supporting” thin foils for trans-

structures in the hardening process. mission electron microscopy. The foils were prepared by the
method of double jet electropolishing. For studying the
EXPERIMENTAL METHODS AND SAMPLES twinned microstructure an optical microscopic was used.

We investigated commercial-grade titanium containing a
concentration of interstitial impurities, mainly oxygen, of RESULTS AND DISCUSSION
around 0.2 at. %. Experiments on tensile testing at a strain  Figure 1 shows the deformation diagrams in the coordi-
rate e=2x10 % s in the temperature range 10-373 K nates true stress versus true plastic deformatige,,), ob-
were carried out on foil samples 30 mm long, 6 mm wide,tained in the tensile straining of the titanium samples in the
and 0.1 mm thick, cut in the direction of rolling. After the temperature range 10-373 K. Studies of the
samples were annealed fb h at atemperature of 1025 K in  microstructuré"*? (see below attest to the formation of dif-
a vacuum of 10* Pa, the average grain size was85 um.  ferent substructures in different stages of plastic deformation.
The presence of recrystallization texture in the annealetoreover, theo(s,) curves given in Fig. 1 do not reveal
samples led to the circumstance that the direction of strain iglearly discernable regions corresponding to different struc-
the majority of the grains was in tRd010) direction, while
the basal plan€000)) lies at an angle of25° to the plane

of the foil. 12k 10K
Intermediate temperatures in the intervals 130-240 K
and 10-77 K were obtained by blowing liquid nitrogen or 10+ 77K

helium through a Shapiro shower which cooled the sample,
and they were maintained to within 0.3 K. N
The tensile strain diagrams recorded in coordinates of NE
load versus timeP(t), were converted by a computer to e
b

o)
T

185K

6 240 K

coordinates of true stress versus true deformation, taking into

. X 293K
account the change in the total length and cross section dur- 4
) g : . . 373K
ing the straining. In the region of uniform strain the true 5
strain ¢ and stressr can be calculated by the formulas
=Inl/lp=In(1+6) ando=(P/sy)(1+ 5), wherely and| are . : . . . .
the initial and instantaneous lengths asgl is the initial 0 005 0.10 0.15 0.20 0.25 0.30 0.35
cross-sectional area of the sample. The steaémd stressr €p

determined in thl.s way more adequately reflect the phySICS;)l!IG. 1. Work hardening curves of polycrystalline titanigfail ) at different
the work hardening process as compared to the nominal v Bmperatures,, is the true plastic deformation anis the true deforming

ues often used for them, vizé= (1 —14)/1; and S=P/s;. stress; the boundaries of the stages are indicated by the sy@nbol
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tural states. The boundaries between the registages are
revealed only by plotting in special coordinates the harden-
ing rate 6(e,)=do(ep)/de, or the second derivative
dzaldsg versus the deformatioar, .

Various relations are us&dor analytical approximation
of the hardening curves(e,) of polycrystals. Most often
one uses simple parabolic approximations for individual ~
fragments(stage$ of the hardening curve. For example, for
some stages one can use the Ludwig equation:

MPa

do/ds, 10

o=constthey, (2)

whereh and n are rheological parameters of the material,
which within a given stage remain constant in many calses: 2 . o .
characterizes the hardening rate, ani called the harden- 001 e 0.1
ing index. P
Equation(2) is empirical, and the parametérsandn in - FG. 2. work hardening rate versus the true plastic deformation for poly-
it do not always have a simple physical meaning. Howevergrystalline titanium at different straining temperaturés[K]: 10 (),
in those cases when the staged nature of the hardening 12 (+), 185(A), 240(®), 293(O), and 373(M).
quite pronounced, the transitions from one stage to another
are accompanied by sharp jumps in the values and even the
signs of these parameters; the hardening indeglays a rangement. The values of the straip correspond to the
special role as an indicator of staged hardening. kinks in the curves in Fig. 2 and allow one to find the values
To reveal the stages recorded in our experiméfitg. 1),  of o, using the data in Fig. 1. The values of the parameters
the hardening curves were differentiated numerically and th@,— 1 and logf,h,) are determined by the coefficients of the
results were plotted in double logarithmic coordinates,equations of the rectilinear segments in Fig. 2. The complete
log(do/dey)—loge, (so-called Crussard—Jaoul graph&s a  set of values found for the rheological parameters of poly-
result of these operations, the hardening curwvés,) are  crystalline titanium for all of the work hardening stages re-
transformed into broken lined=ig. 2) consisting of several vealed here are presented in Table I.
rectilinear segments with different values of the slope. Figure We note once again that the work hardening rate
2 clearly illustrates the staged nature of the work hardening=do/de, in the case of a parabolia(e) curve changes
of polycrystalline titanium: the hardening curvegs,) con-  continuously with increasing plastic deformation, but the pa-
sist of two or thregdepending on the straining temperajure rametersh, and n, remain constant over rather extended
stages, each of which is described by E2).or by the cor- segments of the hardening curves, which can be interpreted
responding equation in a certain sense as regions of uniform hardening.
_ Special note should be made of the fact that all of the
log(da/dey), =log(h,n,) +(n,~1)logep, © hardening curves(s,) shown in Fig. 1 also contain initial
where the indew=1, 2, 3 denotes the number of the indi- stages:
vidual stage. By comparing Figs. 1 and 2 with E8), it is
easy to find the rheological parametérsandn, for each
individual stage =1, 2, 3) and also the values of the criti- where o is the limit of elasticity (proportionality, and
cal strainse , and stresses,,, above which the substructure 0'(0)(8p) is a certain function describing the stage of the
arising in stagev— 1 becomes unstable and undergoes reartransition from microplastic to macroplastic deformation. In

a’=00+0'(0)(sp), gp<egq, (4)

TABLE I. Empirical values of the parameters in the Ludwig equatignfor the three stages of work hardening of polycrystalline

titanium.
Stage I Stage II Stage III
T, K
o MPa g n ”1' MPa 0, MPa £, n, hz, MPa | o., MPa &, n, ha' MPa

373 240 0.005 0.45 340 300 0.06 -0.8 - 6.5 330 0.095 1.0 370

293 325 0.005 0.44 450 430 0.07 -0.8 -75 460 0.10 1.0 480

240 380 0.006 0.46 480 310 0.08 - 0.6 -37 330 0.115 1.0 560

185 440 0.006 0.47 460 - - - - 550 0.07 0.95 910

77 600 0.006 0.45 560 - - - - 700 0.035 0.96 1560
2790

10 700 0.006 0.43 520 - - - - 760 0.013 0.95
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FIG. 3. Variation of the thermab* and athermalr; components of the
deforming stress with increasing deformation; the curves were recorded in
the tensile straining of polycrystalline titanium at room temperature.

this stage the plastic deformation ratgincreases from zero

at the limit of elasticity to the value of the strain rate set by
the testing machine. In the region of well-developed plastic
deformationg,>¢,, the hardening curves, according to Eq.
(3), can be approximated by a piecewise continuous function
consisting of a sequence of fragments 1, 2, 3 of the type
described by the Ludwig equatiai2). An individual frag-
ment with numbemw is described by the equation

v ny, ny
o' )(sp)=0',,+h,,(8p —&,"),
£,<€p<E&,i1. )

As we have already mentioned, the deforming sti@ss
can be written as a sum of two componenis: o* + o,
whereo* is the effective stress, which depends on the tem-
perature, rate of strain, and chemical composititwe inter-
stitial impurity content in the case of titanidfl, while o is
a characteristic value of the long-range internal stresses and
is determined mainly by the substructural state of the sample.
As an example, in Fig. 3 we show data obtained in measure-
ments ofc* ando; along the strain curver(e) of a titanium  FiG. 4. Dislocation substructure of titanium after deformatieps-0.025
sample at a straining temperature of 293 K. It is found thata), 0.15(b), and 0.17(c) at T=293 K.
the thermal component @f* is independent of the degree of
deformation at,=0.005. An analogous result for polycrys-
talline titanium was obtained previously in Ref. 16. This tures studied a disordered substructure is formed which con-
finding means that the work hardening due to the evolutiorsists of randomly distributed, so-called compensated disloca-
of the structural state of the sample in the process of plastitions (Fig. 49. These are dislocations of different sign with a
deformation turns out to affect only the value of the internalmutually compensate¢equal to zerp total Burgers vector,
stresso;. Thus the increments of deforming stredsr  which, as they are stopped by various kinds of obstacles,
=hey on the right-hand side of Eq2) or (5) in our case accumulate randomly in the volume. The scalar density
have the meaning of substructural hardening on the indithese dislocations increases in proportion to the degree of
vidual stages along the tensile test diagram. In view of whaplastic deformatiore,, :
we have said above, analysis of the staged character of the

change in work hardening and its comparison with the dis- P~ Po=A%p: )
location substructure that forms is correctly done for deforwherep, is the initial density of dislocations, and the coef-
mationse ,>&,=0.005. ficient of proportionalityA at a straining temperature of 293

To elucidate the physical meaning of the rheological paK has a value=1.7x 10'* cm™ 2 (Ref. 17. This substructural
rameters given in Table | we compare them with the resultstate of our samples corresponds to the parts of the deforma-
of a stage-by-stage study of the substructures formed alortipn curves which are approximated by straight line segments
the deformation curve. According to the data of transmissiorwith n;~0.5 (stage ) on the plots of log{o/ds)—-loge,
electron microscopéTEM) studiest!2in the initial stage of  (Fig. 2). In this case Eq(2) derives from Taylor’s dislocation
deformation in polycrystalline titanium at all the tempera-theory of work hardenind® according to which the incre-
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ment of deforming stress on the initial stage of well- 60

developed plastic flow is described by the relation 50 °
Ao=aGb(p—pg)*?, (7

40 |

whereb is the Burgers vectof; is the shear modulus, ard A

is a coefficient which is usually taken close to unity. We note X 30+

that the valuex~1 follows from a theoretical analysis of the o

amplitude of the internal stresses both for coplanar and ran- 20 -

domly distributed “forest” dislocationd®2° Equations(6) ok

and(7) imply a parabolic relation between the true stress and

true plastic deformation in the first stage;&0.5): 0k 1 1 1 1

0 0.05 0.10 0.15 0.20 0.25 0.30

o(gp)=01+ hlsélz. (8) €p

From relationg6)—(8) we obtain an equation relating the FIG. 5. Specific volumes occupied by reorientation bands versus the de-

rheological parametehl with the coefficientA: Ec;r;nati%ng%eztov)arious temperaturds[K]: 160(0]), 185(®), 240(A), 293
, an .

h,= aGbAY2 (9)

Using the values of the coefficieAt and parameteh; (see
Table I), we find from (9) at T=293 K that in our case of one slip systentFig. 4b and for the case of activation of
a~0.9. This value of the coefficien indicates that our two equivalent slip system@ig. 49. Their nucleation and
interpretation of the hardening in stage | as being the resullevelopment becomes possible only when a number of con-
of interactions between dislocations is correct. Thus the paditions are met? One of these conditions is the creation of
rameterh; acquires a concrete physical meaning: it characsufficiently high rotational stresses and their gradients, which
terizes the intensity of the accumulation of dislocations in theusually occurs more rapidly near junctions of grain bound-
process of plastic deformation. aries. Another condition is that it is necessary to reach a

According to the regularities revealed in the behavior ofcritical density of mobile  dislocations pf;
the hardening inder, which reflect the supposed succession=10"-10° cm 2) of the type that make up the walls of the
of hardening mechanisms along th¢s ) curve, the inves- RBs: in our case, these are typeedge dislocations. The
tigated temperature interval should be divided into two partsappearance of RBs signifies a transition of the deformation
separated by a temperatufg~190 K. ForT<T,, stage |  process from the stage of translatioflaiminan plastic flow
(n,=~0.5) gives way practically immediately to stage Ill to a stage in which, together with the ongoing translational
(ng=1). ForT>T, the parabolic §;~0.5) and linear it;  slip of individual dislocations, a rotation&urbulen} motion
=1) hardening stages, each of which is predicted by thef large dislocation ensembles occuFsg. 4b,9.
dislocation theories of hardening, are separated by a transi- Figure 5 shows the dependence of the specific volgme
tional stage Il with negative values of the paraméte 0 occupied by the RBs as a function of the deformation for
and n,<0 (the deformation intervak,~0.06—-0.08). Of different temperatures. BeloW= 135 K the RBs are not ob-
course, these values of the rheological parameters reflectserved. A comparison of the data in Figs. 2 and 5 and the
different physics of work hardening in the transitional stagedata given in Table | shows that for temperatures of 240-373
In connection with the presence of a characteristic temperaK the transitional stage on the lalit/de,)—loge, plots, with
ture Ty, it is advisable in further analysis of the interrela- negative values of the hardening parameterandh,, cor-
tionship between the structural state of the sample and theesponds to the onset and rapid growth of the volume frac-
hardening parameters to treat the cases of highTj,) and  tion of RBs(the interval of deformations,=0.04-0.1), i.e.,
low (T<T)}) values of the straining temperature separately.to a rearrangement of the previous dislocation strudfome

In the temperature region 240-373 K the densities ofng to its instability to an energetically more favorable state.
disordered edge and screw dislocations in titanium are apAs a result of this rearrangement, ordered dislocation con-
proximately equal, which is an indirect indication that thefigurations, RBs, appear, the volume fraction of which
probabilities of nucleating dislocations in the interior of areaches 30—60%. Upon further increase in the deformation
grain (internal sourcesand on its boundar{surface sources the value of8 remains practically unchanged. The fraction of
are relatively equal. As we showed in Ref. 21, this circum-grains in which RBs is observed grows from 50% to 90% as
stance is a consequence of the approximately equal mobilitthe temperature is raised from 240 to 373 K. There is a
of the edge and screw components of a dislocation loop aimultaneous growth of the intragrain specific volume occu-
these temperatures. Near grain boundaries the density of dipied by the RBs. Thus at high degrees of deformation the
locations is somewhat higher. When the deformation reacheRBs become the main substructural element that determines
£,=0.04, low-anglgwith a misorientation of less than 10°) the parameters of the hardening curve. At any straining tem-
band elements of substructure having a mesoscopic Gufale peratures the values of the deformatiens(see Table )l at
the order of several microhsppear against the background which the influence of the RBs on the staged character of the
of the random network of dislocations as a result of pro-o(e,) curves begins to be manifested correspond to the mo-
cesses of their self-organization. These are the so-called disaent when their specific volumg in the samples reaches
location reorientation band®kBs). Figures 4b and 4c show approximately 20%Fig. 5. The end of the transitional stage
RBs with the preferred substructural elements for realizationl (or the start of stage lllcorresponds to a deformatien
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at which the growth of the specific volume of the RBs goes
to saturation.

Negative values of the parametersand h have been
observed previously for F&Ref. 4 and Zr (Ref. 9 in an
analysis of the stress—strain curves with the use of the
Crussard—Jaoul method. This feature was explained by a dy-
namic rotation due to the transverse slip of dislocations dur-
ing the formation of the cellular structure. The low straining
temperatures in our case precludes the appearance of this
effect (see Ref. @ The results of TEM studies attest to the
fact that in the region of deformations corresponding to the
transitional stage, as a result of the rapid rearrangement of
the dislocation structure, edge dislocations are “expended”
on the creation of the walls of the RBs. As a consequence,
the intensity of the accumulation of dislocations falls off, and
there is a marked decrease in their density in the space be-
tween the walls of the RBs, i.e., in the random disordered
substructure which previously had governed the rate of work
hardening in the first stagsee Eq.(8)]. This change in the
character of the dislocation substructure causes a change of
the mechanism of work hardening. Thus the negative values
of the parameterh, andn, obtained are a reflection of the
dynamic process due to the transformation of the character of
the plastic deformation from purely translation to predomi-
nantly rotational.

At deformationse ,=0.1, the volume fractiorB of the
RBs stops increasing. After that the increase in the disloca-
tion density occurs mainly in the walls of the RBs, which
leads to an increase in the rotation of adjacent microregions.
These values of the deformation correspond to the start of
stage Il (Table ), i.e., the linear hardening stage, in which
the parameten, in relations(3) and(5) is close to unity. The
character of the substructure formed in titanium in this stage
is in principle comparable to those of its type&smewhat
disoriented ordered dislocation formatipnghich are con-
sidered in the theoretical models of linear hardening
mechanism$3
bilit;\g?eer:jéze dT:lrgfairg;[lljsriézOlronvt\ézrfnifhzglc;Ilfe)rtthh?:mmt?\;it0 IG. 6. Twinned microstructure of titanium deformed @t=77 K,
screw dislocations. The increase in the density of disloca-" 0.025@ and 0150, and aT =10 K, &p=0.41()
tions with deformation occurs mainly through the accumula-
tion of their screw components. Such a change in the dislocharacterizing these stages with the results of the microstruc-
cation dynamics leads to an increase of the criticakure study.
deformation for the onset of RBs as the temperature is low- At deformations corresponding to stage le p(
ered(see Fig. %, which is due to the slower accumulation of <0.03—0.06 in the interval 77—185)Kreorientation bands
the critical density of edge dislocations, from which theare absentsee Fig. 5 and the main element of substructure
walls of the RBs are made up. Thg&(e,,) curves for tem-  consists of rectilinear screw-dislocation segments which are
peratures of 160 and 185 K are qualitatively different than atomponents of slip bands, the development of which is often
higher temperaturés.In the entire interval ok the volume  restricted to the space between twiifsg. 6a. The volume
fraction of RBs increases in proportion to the deformation fraction of twins at these deformations does not exceed 0.05.
but much more slowly. Even at the highest deformations itThe value of the parameter;~0.5 in this stage also indi-
does not exceed 20%, and then the process of deformation lpates that in the type of substructure that is forming, the
twinning begins. ordering is due to an increase of the density of dislocations

For T<190 K stage Il is absent, and on the which are not localized in ordered substructural formations.
log(do/de,)—loge, plots stage | gives way almost immedi- One notices the lower value of the work hardening rate in
ately to stage lll, and the lower the temperature, the lowestage | at 185 K in comparison with temperatures of 240 and
the critical deformatiore; for the start of stage Il and the 293 K; this is at odds with the general tendency for the
sharper the transition between stages. Since the two-stag@ardening rate#=do/de, to increase as the temperature is
nature of the hardening curves means a change in the mecHawered. This fact indicates that the work hardening effect
nism of structural evolution, let us compare the parameterdue to uniformly distributed rectilinear segments of screw
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dislocations(the planar dislocation substructiiis less than  The sharp decrease of the work hardening rate in this stage is
the hardening due to the substructure consisting of screw aral consequence of the sharp drop in the density of disloca-
edge dislocations distributed randomly in approximatelytions in the space between walls of the RBs. Eventually the
equal numbers. As the temperature is reduced further frormolume fraction of RBs, which have become the main sub-
77 to 10 K, the density of twins increases markedly. Therestructure element, goes to saturation, and stage Il begins. In
fore the decrease of the critical deformatioqnfor the start  stage Il the ordering has a linear characteg=1 and

of stage Ill can be regarded as a consequence of activatér>0. This stage is characterized by the appearance of an
twinning. appreciable number of mechanical twins, but their volume

As we mentioned earlier, at 10 K in the region of defor- fraction and their influence on the ordering are insignificant.
mations corresponding to stage lll, the plastic flow becomes At low temperaturesT<T, the ordering in stage | is
discontinuougor jumplike). The “instantaneous” increase of governed by the increase in the density of rectilinear seg-
the deformation in this case is manifested as a narrow locaiments of screw dislocations, stage Il is absent, and stage Il
ized shear band on the wide face of the sampilebon), is dominated by strongly activated mechanical twinning.
lying at an angle=50° to the axis of tension. The relative The authors are grateful to V. Z. Bengus for a discussion
deformation in the zone of the localized band wa8.005 of the features of the deformation diagrams of polycrystal-
for the first two load overshoots and approximately 0.013 fodine titanium and to S. N. Smirnov for a helpful discussion of
the last ones. The relative value of the stress jukan./o  the problem of work hardening. This study was supported in
in this case increased from 5% to 11%. The presence of part by INTAS (Grants Nos. 99-01741 and 01-0320
substantial nonuniformity of the plastic deformation does not
affect the hardening parametensand h analyzed in this
paper, which in the given stage are practically independent of
the degree of deformation.

The microstructure of the sample in stage Il is charac-
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The intercalation of g single crystals with helium is studied by powder x-ray diffractometry. It

is established that the intercalation is a two-stage process: octahedral cavities are filled first

and then tetrahedral ones, the chemical pressure being negative during both stages. The low-
temperaturég5 K) photoluminescence spectra of helium-intercalated fullergga@e

studied for the first time. The presence of helium in lattice voids is shown to reduce that part of
the luminescent intensity which is due to the emission of covalently bound pairgyof C

molecules, the so-called “deep traps” with the 0—0 transition energy close to 1.69 eV. The
mechanism of the effect of intercalation with helium on the pair formation in fullerjg i€
discussed. ©€2002 American Institute of Physic§DOI: 10.1063/1.1531399

The G, fullerite has attracted attention during the lasttrations. Surprisingly, given the ever growing number of pub-
years owing to its unusual properties, such as unique opticdications in this field, no general review is yet available. For
and photoelectrical phenoménand magnetisi.The high  some types of impuritieor instance, alkali metalsthere is
symmetry of the g, molecule determines the geometric anda more or less generally accepted physical viewpoint con-
electronic structure of its electronic excited states. Althougtterning the effects brought about by the impurities, while for
Cso is a typical representative af-electron systems and ex- the others(for instance, rare gases or simple linear mol-
hibits electronic properties inherent in these systems, thecule$ such a unified concept is still to be worked out.
(quas) degeneracy of the lowest excited states and symmetrimong the rare gas intercalants the effects of saturation of
forbidden transitions between these states and the grour@k, with helium have been the least studi¢d?lt is perhaps
state, and the peculiarities of the low-temperature crystasurprising that elevated pressures are not required to reach
structure are factors that contribute to the unusual lowhigh helium concentrations ingg, though it is quite reason-
temperature luminescence of fullerté. able to expect that saturation kinetics as well as the conse-

Despite the large number of publications about the low-quences of intercalation will bear much similarity with re-
temperature luminescence spectra @f,Cthe mechanisms sults for other small-size intercalant species.
that form these spectra are still far from clear. As it was In the first stage of this work we studied the kinetics of
recently shown, the low-temperature photoluminescenceaturation of fullerite g, with He at room temperature and at
spectrum of G fullerite is determined by a set of emission pressures close to 1®a. For structure and luminescence
centers of different origin, such as Frenkel-Davydovinvestigations we used ¢g single crystals from the same
excitons>* charge transfer excitorisstructural defect3®’  batch; the preparation procedure was reported earlEvo-
as well as pairs or chains of molecules that play the role ofution of the intercalation process was monitored by means
deep exciton traps, typical of thes§and Gy fullerites®>®1°  of powder x-ray diffraction(DRON-3 diffractometer, the

In order to further investigate photoluminescence centerfattice parameters and other structure characterigtéfiec-
in the low-temperature phase ofnve measured photolu- tion intensities and half-widthsvere measured at particular
minescence spectra ofggCfullerite saturated with helium time intervals during a long-lasting experiment at room tem-
(which has an effective atomic radius of 0.93, Avhich can  perature, with excursions to loédown to 20 K tempera-
presumabl}*'?bind to separate molecules in the crystal lat-tures. A detailed description of these structure experiments
tice of G5. In crystalline Gg there are two tetrahedral cavi- will be reported in a separate publication. The conclusions
ties and one octahedral cavity per fullerene molecule, thabout the distribution and saturation level drawn from the
mean diameters of which are respectively 2.2 and 413'&.  structure experiments were used for the interpretation of sub-
This allows the straightforward preparation of fullerite-basedsequent optical measurements.
substitutional solutions over a wide range of dopant concen- The room-temperature cubic lattice parameteas a

1063-777X/2002/28(12)/3/$22.00 942 © 2002 American Institute of Physics
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FIG. 1. Variations of the cubic lattice paramegeof Cq, fullerite versus the
time of exposure to a helium atmosphere at a pressure of arodriglaland
a temperature of 295 K.

function of the exposure time of the uninterrupted intercala-
tion process is plotted in Fig. 1. Noteworthy is the rather fast
increase ofa during the initial 25—-30 h of intercalation,
which then converted to a much slower gradual increase with
distinct indications of a tendency to saturate only after 4000
h of exposure to the helium atmosphere. The half-width of
all reflections has a maximum approximately in the same
region where the saturation regime changeover was docu-
mented for thea(t) dependence.

This temporal behavior of the structure characteristics
allows us to tentatively reconstruct the scenario of helium
penetration into the sample. During the first stage, octahedral
cavities are filled, which are larger in size and have much
wider passes in between, as compared to tetrahedral cavities.

Intensity , arb. units

A characteristic feature of the beginning of stage 1 is an ok

inhomogeneous distribution of helium over the sam(ble- ! L ! L L

lium diffuses from the sample surface inwgrdrhich mani- 12 13 14 15 16 1.7 18
fests itself through a substantial broadening of the reflec- Energy, eV

fions. AS the He concentration gets more h,omOgeneous’, ”Ffe. 2. Photoluminescence spectra of fulleritg, @ 5 K under excitation
half-width is rgstored to a value that differs little from_ t.hat iN by light with energy 2.84 eV: photoluminescence spectrum of pugg C
the pure starting fullerite. After that, a much slower filling of normalized to integrated intensitg); photoluminescence spectrumormal-
tetrahedral vacancies begins. Estimates of the typical eneied to integrated intensityof Cgo with helium impurities(the time of ex-
gies of helium in the respective environments of both Va_po_sur.e to helium at atmosphf-:-nc pressure an_d room temperature is) 440 h
. . . (b); difference spectrum obtained by subtracting the upper spectrum from
cancy types as well as the relevant diffusion problem will béie 1ower onec).
published separately. It should be noted here that, unlike oc-

tahedral vacancies, the system of tetrahedral vacancies is

filled virtually uniformly over the whole sample. The He g weak chemical bond with G and increase the crystal lat-
content can be roughio within 5-10% evaluated by com-  tice parameter, hinders the formation of radiation centers that
paring the Bragg reflection intensities calculated for knowncould be responsible for typk-luminescence. A possible
He fractions with measured intensities. mechanism of this phenomenon might be as follows. As was
In the next stage of this work we studied effects of in-shown by Davydoet al,'® polymerization of Gy in its low-
tercalation on low-temperature photoluminescence spectra @émperature phase is affected by the number ratio of hexagon
Ceo fullerite. The luminescence measurement technique, agnd pentagon pair-wise configurations, the hexagon configu-
well as the experimental setup have been reportegation being the one that favors polymerization. The helium
elsewheré. A minor modification consisted in using a impurity should promote a depletion of hexagon configura-
FEU-62(S) photomultiplier, which enabled us to record tions due to larger lattice parameters in doped crystals and
photoluminescence spectra down to energies around 1.2 ethiereby inhibit polymerization, which is often initiated by
Figure 2 shows photoluminescence spectra, normalized tstresses around dislocatichShe only known mechanism of
integrated intensity, takert & K for pure fullerite and fuller-  producing covalent bonding in the low-temperature phase of
ite with helium impurities, as well as the difference betweenCg, is polymerization in distorted areas around
the two. This difference spectrum is consistent with the lu-dislocations”'® Generally speaking, since dimerization is
minescence spectrum of “typ&” * which originates at the hardly possible even in a purely hexagonal state gf,C
so-called deep trafgshe 0-0 transition energy being equal to orientational disorder, irrespective of its origin, is the neces-
1.69 eV}, formed by a pair or a chain ofggmoleculest®®  sary condition for the formation of covalent dimers. The
Thus, we can infer that the helium impurity, which can form presence of orientation disorder in thg,Cow-temperature
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