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Spatially inhomogeneous coherently precessing structures of half magnetization in superfluid
He-B are investigated in the presence of small nonuniformities of a high external magnetic field.
It is shown that, depending on the degree of nonuniformity of the field, both two-domain

and three-domain coherently precessing structures can exi®008 American Institute of
Physics. [DOI: 10.1063/1.1596574

1. The superfluidity of liquid®He is due to Cooper pair- such a system the modulus of the magnetizabibis equal
ing in a state with spin and orbital moments equal to unity.to the equilibrium valueM o= xgH, (hereH, is the static
The presence of spin on the Cooper pair and the complexityhagnetic field applied to the system, apglis the magnetic
of the order parameter lead to a diversity of dynamic magsusceptibility of the superfluiB phase of liquic®He). In one
netic properties of the superfluid phases of liqdite. The  of the domains the magnetization is directed along the field,
dynamics of the magnetization in the superfluid phases ignjle in the other it deviates by approximately 104° from the
determined by the interrelationship of the magnetic momenie|q direction; the axis of the orbital anisotropy is parallel to
M and the order parameter of the triplet condensate. the field direction throughout the entire volume. This spatial

In the absence of magnetic field the magnetization andyauerm is due to the spin—orbit structure of the dipole—dipole
the averaged orbital moment of the superfliidphase of interaction potential in the case of precession with
liquid *He are equal to zero. In an external magnetic field _

. .. . 0-
magnetic moment is induced in the system and, as a result In the superfluid phase of liquictHe, according to the

of the spin—orbit coherence, an orbital momenis formed. o . .
L : g . _results of Ref. 3, it is possible to have coherent precession of
If the magnetization deviates from the magnetic field direc-, o R
alf magnetization M =My/2) and double magnetization

tion it begins to precess around the field direction. In thath — oM Th st £ coh i ! at f
case a state in which the spins of the Cooper pairs prece%] =2M,). The existence of coherently precessing staies o

coherently is formed in the bulk of the superfluid liquid. ?lf magneuzguon ha§ been coqf|rmed experimentalljhe
Such a state is characterized by anomalous stability even Iqlpole—dlpqle |nteract|on poten'FlaI f(M =Mo/2 has a more
the presence of nonuniformities of the external magneti&omplex spin—orbit structure. Since in a nonuniform external
field. The reasons for this are the stifiness of the order paMagnetic field coherent precession of half magnetization
rameter ofHe-B with respect to spatial inhomogeneities and Should be characterized by an inhomogeneous distribution of
the presence in the system of a spin—orbit interaction, whicioth the spin and orbital degrees of freedom. The study of
derives from the dipole—dipole interaction between thethis question is the subject of this paper.
nuclear moments of theHe atoms. 2. In the presence of a high external magnetic field the
The dipole shift of the precession frequency of the mag-dipole—dipole interaction energy is much less than the Zee-
netization from the Larmor frequency is due to the presencenan energy, and it can be treated as a perturbation. In the
of the dipole—dipole energy. The values of the energy and theeroth approximation it can be neglected. In that case the
frequency shift depend on the spin—orbit configuration of thesolutions for the precessing states can be obtained with the
precessing system. aid of the Larmor theorem, which states that in a spin space
The stiffness of the order parameter is manifested asgotating with the Larmor frequency, =gH (g is the gyro-
spatial stiffness of the magnetization precession aagle  magnetic ratio of théHe nuclej the magnetic field has no
which generates nondissipative spin currents that restore thgfluence whatsoever on the nuclear spins of e atoms,
uniform distribution of the phase of the precession over theyng the symmetry with respect to three-dimensional spin ro-

entire volume. These currents effect a redistribution of th§ations is restored. Thus the total symmetry group of the
longitudinal component of the magnetization and orbital mo- , A —SONE S includ he th
ment. The local frequency shift that arises compensates tyecessing  statesG= xS0 ,_ Includes the three-

spatial difference of the Larmor precession frequency. Irdimensional spin rotation grouG; in the rotating refer-
3He-B placed in a nonuniform external magnetic field a co-ence frame and the three-dimensional orbital rotation group
herently precessing two-domain spin structure can éxis. S@ in the laboratory fram& By applying the operations of
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the groupG to some initial state, one can obtain all the space of degeneracy of the coherent Larmor precession of
degenerate coherently precessing states. the magnetization ifHe-B is five-dimensional.

As the initial state we take one of the solutions of the 3. Owing to the small dipole—dipole interaction, the po-
system of Leggett equations describing the interrelationshigential of which is given by the expression

between the magnetizatiai and the spin part of the order 2 0.2 1\2
A:7 Fo=-=xsl —| | TA—= ®
parameterA: D= 15XB g AR
M=gM>H+Rp, @ the degree of degeneracy is lowerddg(is the NMR fre-
. M quency, which characterizes the intensity of the dipole—
A=A Xg|H— X—) (2)  dipole interaction At high magnetic field, whem >Qg,
B

the state of the system is described by fast and slow vari-
Here Rp is the dipole moment, the external magnetic fieldables, and one can average the dipole energy over the fast
Hllz, and @) ,=A,i (v=x,y,2). The simplest solution of variables. The averaged potentials of the dipole interaction
this system in the case of half magnetization is of the formdiffer substantially for the equilibrium valué, of the mag-
netization modulus and for half magnetization. This is be-
MOZM A°=©<z —w E) 3) cause the combinations of fast variables making up the slow
2’ Cok2) variable are different. For the case of half magnetization this
variable is®,=as— a; +2(ys— y.), and the averaged en-

where O(z, — w, t/2) describes a rotation around theaxis ergy of the dipole—dipole interaction has the féfn

by an angle—w t/2. The operation of an element of the

groupG on state(3) gives a general solution for the Larmor - _ (s 2f _ 1 (0g)? 1+ (1-82)(1-12)
precession of the half magnetization: DT XB| 77 'DT10XB g z z

A=O(z — o HHROE AOR(L) 2

A=0(z,~ 0 HRZO(Z, 0 DAR 28312+ 2 (14 57) (1+1 ) 1= 52\ 1= 12 cosbyy|

=0(z,— 0 )ROO(z, 0 ,tI2)RV 7, (4) ©
~ ~ ,\ ~ H — — ; ;
M(t)=0(z,— w ) ROMO=0(z,— w t) RS XB (5 Here Sz= C(_)s,BS and IZ_—cosﬁ,_ are the _onentatlon§ of _the
2 magnetization and orbital moment relative to the direction of

AL . ) . the applied magnetic field. The potent{@) has two degen-
whereR" is the time-independent matrix of the orbital rota- 5 4te absolute minima ab =, which correspond to the

tions Sdg in the laboratory reference frame, arP® is the following spin—orbit configurations:
time-independent matrix of spin rotatioﬁSO? in the pre-
cessing reference frame. The rotation mafa'(a,w,_t) de-

scribes the transition from the laboratory frame to a frame s,=0.3, [,=0.75. (11

rotating with frequencyw, . . .

The physical meaning of these matrices is as follows. _They determlnc_e_the stable precessing states of half mag-
55 q ibes th ientafi £ th tization in th netization. In addition, two more, metastable degenerate
R*™ describes the orientation of the magnetization In thegiaies can exist, with the spin—orbit configuratidns:

precessing frames=/M%=R®z (7 is the magnetization
vector in the precessing fralandR(") is the orientation of sz=~1 12=0, (12
the orbital moment of trje Cooper pair in th? ~Iaboratﬂory ref-5,—0, I,=-1. (13
erence framé=L/M°=R"z. ParametrizingR® and R(")
by the Euler angles and writing them in the form

s,=0.75, 1,=0.3, (10)

The characteristic degeneracy of the dipole enégyys
lifted by the so-called spectroscopic energy. It is manifested

§<§)Zﬁgz(ag)ﬁgY(lgs)rqz( YY), when the frequencyw, of the coherent precession of the
magnetization differs from the Larmor frequeney . Then
RV =R, (e )Ry(BRA( L), (6) the Zeeman energy w,-M/g is incompletely compensated

0 0 _ by the Larmor energw, - M/g. The difference, which is the
where (as,Bs,vs) and (@, BL,y.) are the corresponding  zeeman energy in the frame rotating with frequemsy, is
Euler angles, we obtain for the order paramé@r equa| to the Spectroscopic energy:

A=RO(as,Bs, y9RD (aL,BL. 7). (7)

Here as= a2= w t and ys=y2— w t/2. In this notationag
and Bs are the azimuthal and polar angles of the precessing  |n this situation the spin—orbit configurations of the sta-
magnetizatiorM(t), and« and B, are the azimuthal and ply precessing states can be determined by minimizing the

polar angles of the orbital moment of the Cooper pairs. Theree energy of the system, which is the sum of the dipole and
anglesys and y_ in the order parameter, as can easily bespectroscopic energies:

seen, are present only in the combinatipa ys— v, . These
five variables, i.e.S(ag,8s), I(« ,B.), and the angley, F—F 4 X
completely describe the physical state of the system, and the D

F o= (0p= oM = A% (0w oy (14
©"g Wp— W 292 Wp—™ W) )W 5z

2_;2((%_ 0 )0 Sz. (15
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Here each minimum of the free ener@lb) is obtained It follows from Eqgs.(9), (14), and(19) that in the free
by displacement of a definite state of the spin—orbit configuenergy(17) of the system, only the dipole energy potential
ration from (10) and (11).° At a negative spectroscopic en- depends explicitly on the angi®. In the experiments the
ergy the stable precessing states correspond to spin—orlsibnuniformity of the external magnetic field, which deter-
configurations obtained by displacement of stdf®. In this  mines the scale of the spatial inhomogeneity of the precess-
case, depending on the value Bf,, one has 0.75s,<1 ing state of the system, is small not only in comparison with
and 0<1,<0.3. In the case of a positive spectral energy thethe field itself but also in comparison with the dipole energy.
stable states correspond to spin—orbit configurations obit follows from what we have said th&y<F . This makes
tained by displacement of staf&l). However, with increas- it possible to assume thdt=® =7 andd,®,,=0 even in
ing F,, after it exceeds a certain critical value, stgi@), the inhomogeneous case.
with the opposite magnetization direction, will be the stable  The free energy17) does not depend explicitly on the
state. anglesag and oy —they enter only in the form of the gradi-

4. Let us discuss the features of the precession of the ha#ntsd,ag andd,«, . A study of the free energy of the pre-
magnetization in a nonuniform external magnetic field. Wecessing system at the minimum with respect to these gradi-
shall assume that the spatial nonuniformity is manifesteents leads to a homogeneous system of equations feg
along the direction of the external magnetic fidtd=Hz, anddzay :
and we write the Larmor frequency in the form
d(dzas)

In this case the spectroscopic energy of the system will
also depend on the coordinaz_e gnd .that dependencg will +(1—s§)(1—|§)+2(£ s,
lead to a nonuniform spatial distribution 8§ andl,, while 4
the free energy of the system will be the sum of the dipole,
spectroscopic, and gradient energies: _

0 (2)=w(Z9) +(2=2)) Vo= 0p+(2=25) Vo, . (16) +(c?—c?)|2(1+5s313)

5
ZC'Z(Z -s;

(1+1%) | dzas

1 1 1
ZCZ(E _Sz)<§ _|z) "’(Cf_cﬁ)(i _Sz)

F=Fp+F,+Fy, (17

whereFy has the following fornf: ><(1+I§) dza =0, (20
1xs 1xs
Fv=7 2 (MRw)*+ 5 z (I -c(VR,)% (19 oFy 1 1 L
apa) 2c; 5 ~Sz|| 5 =lz|+(cT—c))

Herec, andc, are the spin-wave velocities parallel to and 27t
perpendicular to the external magnetic field. In the case of 1 ) 5[5
precession of half magnetization the gradient energy aver- X|5 =8z|(1+12) |dzast | ci| 7 ~Iz

aged over the fast variables is given by the expression

1
_1xe + (e —ch)(1+19) |aza =0. (21)
Fy=5 3¢
\Y 2 gZ Il

4IZ

— —S7|(dza5)*+ (dza)?

4

1 1 1 The determinant of this system is nonzero for any values of
+ Z(az<1>12)2+ rz(&zsz)2+ ﬁz(,9Z|Z)2 sz andl, and the system has a zero solutidys=d,a|
Sz z =0. We note that the following inequality is also satisfied:

1 1 1 2 2 2 2
_2 E _SZ E_lz 8Zasc92a|_— E _SZ d FV Jd FV _ Jd FV >O
d(dzas)® d(dza)® | d(dzas)d(dza)) '
X dzasdzPiot| 5 _IZ) ‘72%52@12} It follows from this that the minimum value of the free
energy corresponds to a homogeneous distribution of the pre-
1xe, 5 o J1 212 2 cession phases and of the azimuthal angle, of the orbital
* 2 ?(CL_CH) 2 2(1+s7lz)+(1-s7) moment of the Cooper pair.
The expression for the spectroscopic energy with Eq.
y 2 1 2 ,, 1 2 (16) taken into account becomes:
(1-13)+2 1%z (1+1%)|(dzas) +Z(1+|Z)
XB
3-17 Fo="—5.2(2-20) 0V 57. (22
X[(d70)?+ (d,P 1) %]+ m(azsz)2 29 P
z

In the case of continuous NMR the frequensy is de-
(1+12)(dzas07a, termined by the frequency of the external transverse rf field.
At the pointz, the local Larmor frequency of the external
1 static magnetic field coincides with the frequency of the co-
+d7ag07P o) + §(1+I§)azaLﬁz¢12} . (199  herent precession, and at the lower and upper boundaries of
the systen}(z—2zp) Vo |<wp.

1
+ﬁ2(ﬁz|z)2—(§ —Sz

z
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FIG. 1. Dependence df, andl, on the coordinate for several different

values ofp.

It follows from what we have said that the free energy of

a steadily precessing spin system of superffidd-B in the

presence of a nonuniform external magnetic field takes the

following form:

E——zgz |:—1H1+1<Ci 1
XBCH 2 2 EHZ

c? (07z|z)2] loVo,

2 2 - 2
cy 1-15 2

2 (9752)°
=

2
B

(z—zg)sz+ ?fD .

(23
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In contrast to the precession at the equilibrium value of
the magnetization modulds’in this case two spatial param-
eters enter the problem: one characterizing the intensity of
the dipole—dipole interaction, and one characterizing the
nonuniformity of the magnetic field:

N x:( o |* (24)
b QB’ v prwL )

Measuring the coordinate in units of the dipole length
(é=2z/\p) and introducing the parameter
Ap

B (25

p

which characterizes the degree of nonuniformity of the ex-
ternal magnetic field relative to the intensity of the dipole
interaction, we obtain from expressi¢23)

— 1 1 (dsz)
T2 1-s2| dé

¢ 1 (dlz 1
C_flTlid_g _Ep(f_fo)sz"‘fo- (26)

1/c? )
1+§(? _1>(3_|Z)

The spatial structure of the coherently precessing spin
system depends on the value of the parametard the ratio
cf/cf. Larger values of the parametgicorrespond to larger
nonuniformity of the magnetic field.

A numerical analysis of the Euler—Lagrange equations
obtained in minimizing the free energg26) shows that for a
valuep>0.38 a two-dimensional structure forrtf§ig. 19 in
which s,—1 and|,—0 with increasing field, while with
decreasing field a domain wits,=—1 andl,=0 is real-
ized. In this case the transition regiddomain wal) is
shifted relative to the poing, (zy) into the regioné<é,
(z<zp).

When 0.2%<p<0.38, the inhomogeneous coherently
precessing system has a rather complex spatial structige
1b). With increasing field a domain forms in whicy—1,
I,—0. With decreasing field there is initially a transition to
an intermediate domain in which Gsk,<0.3 and 0.75
=<1,=0.83. The transition region between these domains

0.75
N 0.60r
wN
0.45+~
Sz lz
0.30
I { |
-10 0 10
&.v - {30

FIG. 2. Dependence dd; and |, on the coordinate in the limit of a
uniform magnetic fieldp—0.
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Influence of electron—electron interactions on supercurrent in SNS structures
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A superconductor—normal quantum dot—superconductor structure where the number of electrons
in the dot can be controlled by a gate voltage is considered. The effect of electron—electron
interactions on the supercurrent between the two superconductors is studied. Using an analytic
model and numerical density functional calculations it is found that Coulomb interactions

can make the system quantum-mechanically more “rigid,” i.e. increase its sensitivity to phase
gradients, therebgnhancingthe supercurrent through the structure, especially for small

phase differences. Accordingly, it is found that the supercurrent in this structure can be controlled
by the gate voltage. @003 American Institute of Physic§DOI: 10.1063/1.1596575

1. INTRODUCTION throughout the system. In the present paper we shall consider
the opposite boundary condition where the interacting charge
The impact of quantum mechanical coherence on mags fixed and we shall discuss its consequences in terms of a
roscopic quantities, such as electric currents, is interestingimple qualitative model and a more rigorous density func-
for basic research and for potential applications. In view ofjonal formulation.
the latter an ability to control the supercurrent in hybrid In the present paper we study a superconductor—

normal/superconducting systems—preferably electrically—,antwum dot—superconductor structure and show that Cou-
is desirable. Examples of structures with a controlled super,

! ) 1 fomb interactions in the dot can be used to control the super-
current are the Josephson field-effect transiStOFET),” the

o q SNS is®and devi hich off current electrostatically. The fundamental question we
Injecte —curreqt tranS|§ and devices which effectu- ,yqress s the nature of the interplay between the electro-
ate Cooper-pair transport via tunable resonant stdtes.

The novel effects described in these works were esseritatiC ‘rigidity” (reluctance towards change in the charge
. . . = . onfiguration and the superconducting “rigidity,” i.e. the
tially of single-particle origin. The effects of Coulomb inter- 9 4 P g raiary

actions on Copper-pair transport through confined regionmacrOSCOplc quantum coherence described by the phase of

have been investigated using different formulations of theﬁje superconducting order parameter. Ordinarily, electrostatic

tunneling-Hamiltonian formalism, where @epulsive on- interactions cause fluctuations of the phase by fixing the

site Hubbard term modeled the interactions. It was esta Qumber of charges, in accordance with the well-known par-

lished that a single impurity level in general suppresses thélCIe nhumber—phase uncertainty relatidiNA o=1, thereby

current>® except in the presence of spin-flip processes’destroymg global phase coherence. In the present case, how-

where it may in fact be enhanced by the Kondo effect. eyer, we have a u_n@q_ue situ_ation vv_h(_a_re ele_ctrostatic rigidity
Strictly one-dimensional approaches, where a Luttinger “q_remforcesphase rigidity. ThIS pOSSIbIIItY arises due to the
uid description of the system was employed, likewise gavéccumulation of nonquantized electronic chargentrolled
significant suppression of the Josephson current with increa®y the phase differencén the nonsuperconductingart of
ing interaction strength? except for perfectly transmitting the device, where the charge—phase uncertainty refation is
NS interfaces where interactions were found to have virtualljnapplicable. This charge, associated with the formation of
no impact on the supercurréhiRecently, Rozhkowet al®  an Andreev staf8 confined to the vicinity of the junction,
considered Josephson tunneling through an interacting gatdatroduces additional electrostatic rigidity into the quantum
quantum dot and showed that the system is-nction in ~ mechanical coherent coupling across the junction. As a re-
certain ranges of the gate voltage and for sufficiently strongult, the supercurrenfwhich is related to the coupling
interactions, i.e. the energy of the system is minimized at &trength increases. This is a consequence of the constraint
phase differencer between the order parameters of the twothat the charge confined in the normal region is fixed, in part
superconducting leads. by the superconducting pair potenti@indreev contributiop

In the works cited above the interaction Hamiltonian de-and in part by the gate potenti@ormal contribution Thus
scribes a situation where the interacting charge is allowed tthe novel operating principle of the present device greatly
fluctuate, so that the electrostatic potential is constanénhances the maximum supercurrent.
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substantial even for constriction length= vdgR/2~ &,/5,
implying that significant discrimination can be obtained for a
wide range of structure lengths.
We shall be concerned with the contribution due to dis-
N crete states. To reduce the contribution due to the continuum
N states to a minimum we choose a lead—dot—lead geometry
such that(i) only the lowest transverse mode contributes to
charge transport an(@ ) the transmission amplitude(e) for
_ this mode is very small below the bottom gap edge and in-
Ty D=~ 0.24 \ creases sharply foe=A. Indeed, the scenario most vividly
' A\ illustrating the new effect is the extreme limid~0O (e
72 n 32 2n +|Al]). In what follows we shall take this to be the case. A
0} more comprehensive investigation including other states will
be made elsewhere. In addition, to simplify the problem we
shall neglect possible transmission resonances due to normal

FIG. 1. ChargeQ, as a function of the phase differengeacross the junc-
tion. The circles(O) correspond to numerical DFT results. The top curve .
corresponds td~1, for which a simple analytic expression can be ob- reflection.

tained (dot—dash curve the bottom curve is for the more realistic case of First we present an analytic model that accounts for the

smallD. Inset: Top view of the SNS setup. The letters S denote supercongualitative deviations from the no-interaction problem. Then

ducting leads and N denotes the normal interacting dot. A positively chargegve give a more general density functional the@FT) for-
gate electrode lies beneath the N region. .
mulation of the problem.

2. SYSTEM 3. ANALYTICS

We consider a structure of the type depicted in the inset . The equilibrium zero-temperature currentan be ob-
in Fig. 1. The electronic states in the normal region can pdained from thfé total energyE of the system asl
divided into confined states, which reside in the potentialz(z_e/h)’?Em@' Wher?ﬁp is the phase dn‘ference_ across
well (quantum dot created by the gate electrode, and state§he Jur;ctlon. In th_e spirit of the constant-interactic@l)
which couple two superconductors. The latter consist of dismodet” we approximate the total energy of the systert as
crete Andreev staté§,whose energies lie in the supercon- [Qc_a]z 1
ducting gap and depend on the superconducting phase diffels( Vg, ¢) = T+ C—QCQA(cp)+ E €cjteale),
ence across the junction, and continuum states lying outside % A ! )
the gap. o

In general, states of both types contribute to the phasewnhereQ.=N.e is the confined normal charg®), is a linear
dependent supercurrent flowing through the structure. Irfunction ofV,, Cy is the total dot capacitance, af is an
noninteracting short junctions the contribution due to theeffective capacitance of the order 6% . Here Q, is the
continuum states has been shown to be negligibtéespe-  amount of charge that is present inside the normal region and
cially for states far outside the gap; however, in more generabk associated with the formation of an Andreev level. We
situations the two contributions tend to have oppositeéimpose the important boundary condition tiat is fixed (at
signs*~** The most dramatic manifestation of the chargea value determined by,). The last two terms represent the
accumulation effect occurs when the continuous and discreteigenenergies of confined and Andreev electronic states, re-
parts of the spectrum are discriminated with respect to theispectively. Since the screening is efficient, we neglect the
contribution to the supercurrent. Such discrimination mightCoulomb interactions inside the superconductors. Apart from
originate from an energy dependence of the transmission anthe last term, which is responsible for the conventional Jo-
plitude through the structure. For example, if the interfacesephson supercurrent, the second term gives an additional
between the dot and the Ileads form adiabaticcontribution which we shall now investigate.
microconstrictiong?® such discrimination occurs with only We shall confine our attention to ballistic, short, weak
one transverse mode contributing to the transmission. Thinks with adiabatic leads so that only one Andreev level is
contribution of the corresponding continuous spectrum ofelevant. For simplicity, we shall consider a quasi-1D system
such a modgwith longitudinal energyu+e<u—|A|) is  although the essential features of the problem are indepen-
suppressed with respect to the contribution of the Andreedent of dimension. Furthermore, we shall assume ideal junc-

states by the factor tions, i.e. normal reflection and no Schottky barriers, in order
to emphasize the role of Andreev reflection as a significant
R1 scattering mechanism.
D<1>(E):—(1), K=~ 172\/:—, First we consider the limiting case of perfect normal
1+e V) do e transmissiorD (€)= 1 in the interval— |A| < e<|A| centered

on the chemical potential and a stepwise constant gap param-
whereE is the energyV{}) is the threshold energy of the eter A(x).'?'8"2° By matching the bulk solutions
lowest transverse model, is the minimum width of the (u(x);v(x)) of the Bogoliubov—de Gennes equatfidat the
neck, andr is the radius of curvature at the neck. Then theNS interfaces and employing the  Andreev
discrimination is determined by the parameignA| and is  approximation:>!® we find the Andreev bound state to the
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lowest order inL/&,, wherelL is the dot size and, is the  an Andreev level always reduces the total energy. In contrast,
superconducting coherence length. The single-particle erin the present configuration Coulomb interactions in the dot
ergy ea(¢) can be obtained from an asymptotic anal/sts  destroy the Josephson coupling if the phase differences are
and is given bysiz |A|?(1-D sir(¢/2)). The charge in the large. However, there still exists a phase difference interval
normal region (- L/2<x<L/2) associated with the coupling [ — ¢a,¢a]—henceforth termed the “Andreev window”

between the superconductors is obtained frofh (AW)—where the formation of an Andreev state is energeti-
L2 cally favorable. Remarkably, the supercurrent is greatly en-
QA:zef [|v]?+f(en)(Jul?=|v]?)]dx, hanced in these regions, and to a good approximagspe-
—L/2

cially for D~1) it is constant throughout the interval.
where () is the Fermi—Dirac distribution. Fob(e> The criterion for the formation of an Andreev level at
—|A])=1 we find Q,=eL/&|sin(@/2)| to Iead-ing order in Z€ro temperaturé.e. stability with respect to fluctuations of
L/&, at zero temperaturéFig. 1). The current can now be the superconducting phase, corresponding to negative Jo-

calculated. For e[ — 7, ] and assuming the superconduct- S€PNSON coupling energgiemands fofe|< ¢, D=1, where

ors to be couplel the result is _goAz(1/NC)(§0/L)|A|/ECoc(lmax)*l, the latter quantity be-
ing the maximum supercurrent flowing through the link. By
e Ec L @ tuning the gate voltage we can change the nuniteby
If~vlcyosm( E) +|Cv0Ncm g_OCOE{ E) sgnie). 2) discrete amounts, which in turn changeg and ™ in a
, ) . stepwise manner. FAD <1 the width of the Andreev win-
Herelo=e|A|/#, N is the(guanhzed number of confined 44y increases as a consequence of the diminished charge
electrons in a dot, an&.=e“/2C,. This suggests that the 5 gince the phase differenge, corresponds to interaction

current is radically different from the ordinary Josephson ef'energy equal thA|, it also represents the limit of validity of

fect: (i) the magnitude of the current depends on the gatg-q (1) consequently, the transition from finite to zero su-

voltage andii) the phase—current relationship does not have,ercyrrent will be continuous rather than abrupt as implied
the familiar sinusoidal form at zero temperature. The flrs,tby Eq. (2).

term of Eq.(2) gives the usual phase—current relationship of

the Andreev level alone. The second term originates from the

fact that the midgap Andreev states penetrate the leads to%aNUMERICAL ANALYSIS

distance that depends on the energy of the states and hence | this section we present a numerical analysis which

on the phase difference between the superconductors. Coggpnorts the qualitative analysis given above. Density func-
sequently, in t'he normal region the charge gssomated V}/lthona| theory* has proven to be very successful in the study
these states is also phase-dependent, which results in @ small quantum mechanical systems, and it is particularly
phase-dependent electrostatic interaction with the confinege|| suited to equilibrium situations such as the one at hand.
charge in the quantum dot. This situation is unique in thegjiyeira et al2® have shown that DFT can be extended to
sense that the customary phase-dependent Josephson engjgi¥cribe systems with general mixed normal and supercon-

is accompanied by a phase-dependent electrostatic enerPYicting elements. The Bogoliubov—de Gennes—Kohn—Sham
Ordinarily, the uncertainty relatiom\NA¢=<1 precludes (gqcKs) equation& - take the form

such an effect, but here the charge relevant to the electrostat-
ics resides in the normal part of the device and is not subject | H(r)  A(r) (UK(F)) 3 (UK(F)) 3
to the uncertainty relation—charges on the superconducting |\ A*(r) —H(r))\v.(r)) € v,.(r))’

edges are free to fluctuate as required to establish a well-
de%ned phase difference g whereu, andv, are the two components of theh solu-

Since N, and E, can be varied over a wide range by tions, €, is the energy measured from the chemical potential,

varying the depth and width of the confining potential, theH IS _thte atppr(_)prle;te f_fflecélvelHamlltonlle}n,Hiﬁds the sellff-
current contribution from the last term can dominate the An-CO"SISteNt pairpotential. Foriong weak fin %50.) ase’t
dreev term. consistent determination of the pair potential is crutial.

Although the case of perfect normal transmission is in—For tsh?]rt andﬁ ‘_‘arfgw téun?t'in_sg‘{él‘)’ Tomever(,j the
structive as a limiting behavior, it is not very realistic. exact shape of Inside the fink 1S unimportartt, and we

L . . shall approximate A by a piecewise constant
Wherease, is independent of the details of the scattermgS B ; ) :
potential in the short-junction limit, this is not true for the A(x) =|Alexp{ ¢/2sign()) O (|x| ~L/2). In this approxima-

chgeq, . However, sice he quaniy| 3" c, whoh 4% 1€ BACKS eauatons sy sgnficanty i e o
determines the reciprocal of the decay length of the wav gion, bling v P y 9

function inside the leads, is reduced by the fagfor in the Boundary condition at the interfaces.
. ) . The problem separates naturally into a two-component
presence of normal reflection, the cha@g is typically re-

H 8,29 . .
duced by very roughly the same factor. Therefore norma[ormulatlor? where the total energy functional is

reflection has a less severe effect on the interaction term than E[ p¢,pal= Exinl pc] + Exinl Pal T Eexd Ptot] T ERl Ptot]
on the ordinary Josephson term D), especially for small

D. A quantitative determination of the char@g, in the pres- T Exdl prodd ~Enlpal =Exd pal- )
ence of normal reflection will be obtained from numerical Here p. and p, are the charge density of the confined and
DFT calculations. Andreev levels, respectively, angl,;=p.tpa. The terms

In the absence of electron—electron interactions the couk,;,, Eey, Ey, @andE,, are to this order the kinetic energy,
pling between two superconductors through the formation othe interaction with an external potential, the Hartree energy,
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FIG. 2. Left-hand panelCircles: Total energy change due to the formation of an Andreev lghiel solid line is drawn as a visual aidDotted line:
Single-particle energy, of the Andreev level. For the parameter values the formation of an Andreev level is energetically favorable throughout the entire
phase interval0,27]. Right-hand panelCircles: Supercurrent in the presence of an Andreev level. Dotted line: Supercurrent in the absence of interactions
[first term in Eq.(2)]. Squares: Current as predicted by the CI mdéej. (1)] with the numerically obtained values @, ande, . The currents are given in

units ofe|A|/%; E andl are, respectively, even and odd with respecpte0.

and the many-body exchange-correlation energy. The lagb accommodate approximately b10 electrons. The charging

two terms subtract the self-interaction of the Andreev statenergy corresponding to our choice of the confining potential

charge with itself(note that continuum states are not in- is €2/2C,~0.9 meV.

cluded in the DFT treatmentProvided that the potential is

sufficiently deep, the confined states decay to a negligible

value close to the interfaces and are unaffected by the supe?‘— RESULTS

conducting leads. We assume that the screening is perfect To excellent accuracy we found the expected short-

everywhere in the leads so that théimfinite) energies are junction resuftt fi:|A|z(1—D sirf(¢/2)) with the effective

not included in the energy functional of E@). A local  normal transmission coefficie@~0.24. Figure 2 displays

density approximation for a 2D electron dawas used for  our main results. For our parameter values the interaction

the exchange-correlation enerfy.. Since the Hartree term term clearly dominates the total energy. As a result of the

typically exceeds the XC term by several orders of magnismall effective mass of InAs, the Andreev window is very

tude, the choice oE,. does not significantly affect our re- wide, ¢,>, and the supercurrent is nonzero for all values

sults. Minimizing the total energy in E¢4) with respect to  of the phase difference. The magnitude of the supercurrent at

pc andpp gives the generalized Kohn—Sham equations thagmall phase differences is greatly enhanced and exceeds the

must be solved self-consistently. noninteracting contribution by as much as an order of mag-
We performed the numerical calculations on a 1D gridnjtude. Normal reflection is responsible for the suppression

containing the entire normal regiofin the case of the of the supercurrent for small phase values.

BAGKS equations the grid extends slightly into the leads in

order to manage the boundary conditipris practice a nar-

row Gaussian charge distribution of widiN<k:* is as- 6 DISCUSSION

sumed in the transverse direction; this makes it easier t0 The electron—electron interactions have two main ef-

calculate the_ Coulomb interactions and justify the use of thffects:(i) coupling of the superconductors through the forma-

2D XC functionals. _ _ tion of an Andreev level is energetically favorable only for
We now d|s<_:re'_[|ze the BAGKS equations. Thls reduce%ufﬁciently small phase differences< ¢, and(ii) the super-

the problem of finding the Andreev state to solving a genergrent is greatly enhanced for smalland its magnitude is

alized eigenvalue probler{(e,) ¥ = eV, whereK is the  roughly quantized. This suggests two ways to switch the su-

matrix corresponding to the BAGKS Hamiltonian adis  percurrent: 1tuning ¢ into or out of the AW with fixed gate

the vector (1,v). The e, dependence of th& matrix origi-  voltage and 2increasing the depth of the potential well by

nates from the boundary conditions. We used Arnoldi’s iteraincreasingV increases the numbé¢. of confined charges,

tive method to extract with the required accuracy the eigenwhich in turn reducesp, in a roughly stepwise manner.

values near the middle of the spectrimThis method Therefore for a fixed value o inside the initial AW the

performed very satisfactorily. The localized normal states irsupercurrent increases in stegfor D=~1) of height

the quantum dot are obtained on a 1D grid using an efficienk, o(E./|A[)(L/&p) until o< ¢ at which point the supercur-

Rayleigh quotient multigrid methot. rent vanishes. Phase-biasing can be realized by integrating
The channel length was chosen tolbe 50 nm and the the SNS junction into a SQUID geometry and applying a

values of the material parameters were chosen so|thfat weak magnetic field.

=0.2 MeV <u=1eV and the effective mass* =0.024, The interaction effects also change the voltage response

which is typical for InAs, so thafy~13 um. The gate po- of the system. In the presence of a small bias voftage

tential was represented by a smooth well which was chosephase difference changes in time according to the Josephson
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A jumplike increase of the resistance as a function of magnetic field is observed in indium
arsenide samples irradiated byparticles with an energy of 80 MeV. The effect is detected at
T<5K. The observed effect is explained by the appearance in the crystal of
superconducting areas created by nuclear irradiation. The magnetoresistance is caused by
suppression of the superconductivity in the inclusions as the magnetic field is increased. The
observed effect is considered in terms of a theory of the magnetoresistance of a medium

with superconducting inclusions, proposed earlier. The proposed theory explains qualitatively the
experimentally measured dependence of the resistance on magnetic field, namely: the jump

of the resistance at a certain value of magnetic field; the shift of the curves towards higher
magnetic fields with decrease of temperature; at lower values of the temperature the jump
takes place in a wider range of magnetic figlids., the curves became flatter© 2003 American
Institute of Physics.[DOI: 10.1063/1.1596577

1. INTRODUCTION 2. EXPERIMENT

. . . We present the results of investigations of the radiation-
In this paper we present experimental and theoretical = . -
induced abnormal conductivity of single crystals of indium

results which show that areas of superconductivity can beo\rsenide withn- and p-type conductivity at temperatures in
created in a semiconductor crystal as a result of nuclear irr"’l‘ne range 2—6 K and in the magnetic fields up to 2 T.

diation. The samples, in the form of parallelepipets<3x8
The appearance of metallic regions in such crystals mayhm), before irradiation had- andp-type conductivity, with
be caused by different technological processes, and in paconcentrations of free carriers at a temperature of 78 K equal
ticular, as a result of solid-solution decomposition in multi-to 3.76x 10'® and 3x10*®cm™3, respectively. Before irra-
component systerslf one of the components exhibits su- diation the curves of the temperature and magnetic-field de-
perconducting properties at the corresponding temperatureBendence of the conductivity of the samples in the given
then its precipitation gives rise to superconducting regions iriange of low temperatures had a form typical for InAs crys-
the crystal. Peculiarities of the conductivity and magnetict@!s, well described in the literatutéand had no peculiari-

properties which could be interpreted as a phase transition es.Th w moles were iradiated by 80-M ]
the superconducting state have been observed in the bina{i)él ese two samples were Irradiated by 80-Me\par-

iconductor PbT& Th ¢ duct es at room temperature in the U-240 cyclotron of the In-
semiconductor - '€ appearance of SUPErconaucliv- iy 1o for Nuclear Research, Kiev. The average beam current
ity in semiconductors with departures from the nominal sto

ity _ . . ‘was 1uA, and the summary fluence, 480°cm™2. As a
ichiometry has been observed in Gd/d in other binar resyit of irradiation of the samples, the electronic type of

semiconductofsas well. Another way of creating metal ar- conductivity was formed, with concentrations of free carriers

eas embedded in a material is the injection of molten metaéqual to 1.0< 10'8 and 7x 10" cm ™3 at 4.2 K.

into porous glas§?® The results of measurements of the irradiated samples
The aim of this work is to explain the peculiarities of the after one-week storage at room temperature are adduced. Pe-

magnetoresistance observed in an InAs crystal irradiated bguliarities in a form of a jumplike change of the resistance by

« particles at low temperatufdt is well known that irradia- 10-20% were revealedT( 5 K) at certain values of the

tion of crystals by high-energy particles leads to generatioﬁnagnetic fields, temperatures, and currents through a sample.

of different types of radiation defects, for example, to the T he dependence of the resistance on magnetic field at differ-

creation of macroscopic areas with properties differing sig-em values of the temperature is presented in Figridited

o . . curves. An increase of the current through a sample leads to
nificantly from those in bulk samples. In multicomponent I g .
. . . a decrease of the critical magnetic fidtid . An increase of
systems the segregation effect and the creation of micrg;

o . s X %he current from 10 to 1000 mA at a temperature of 4.22 K
scopic inclusions of the other phase and, in particular, preg,oqs to a decrease bf. from 0.6 to 0.3 T
A . 3T

cipitation of a metallic phase were reviewed in Ref. 10. In A jump in the temperature dependence of the resistance
some systems the metal regions created exist in the sup&kmas observed as wéll.

conducting state. In this work it has been shown that the  The observed peculiarities can be explained as a phase
presence of such superconducting regions can explain thteansition from the superconducting state to the normal state
peculiarities of the magnetoresistance of irradiated InAs. on the assumption that irradiation of InAs hy particles

1063-777X/2003/29(7)/4/$24.00 551 © 2003 American Institute of Physics
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0.12 occupied by the inclusions is less than the volume necessary
010+ for percolation to occur. Thus there is no superconducting
° ’ current through the whole sample. So, in the calculation of
c 0.08¢ the conductivity it was supposed that, depending on the tem-
< 0.06 1 perature, magnetic field, and radius, a spherical inclusion can
exist in two states: in a superconducting state with infinite
0.04 conductivity, or in a normal state, with resistance corre-
002t sponding to the material of the inclusion at the given tem-

perature. Thus the irradiated crystal can be considered as a
two-component system consisting of a nonsuperconducting
matrix and the inclusions. According to the formula for the

conductivity in multicomponent systengsee, for example,
FIG. 1. Resistance of irradiated InAs sample as a function of magnetic fiellRef. 14 we have:
at different temperature$, K: 4.22 (1); 3.49 (2); 3.23(3); 2.02 (4). The
solid lines correspond to the theoretical results, the dotted lines to the ex-
perimentally measured results. The fitting parameters are as follgys: o170 Yy 03— 0 P.=0 1)

Pt Pat
=0.52;5=0.2; P=0.07; 0/ 03=5. 1420 S 0y420 " gat20 3

. ) .. whereg is the conductivity of an inclusion in the supercon-
leads to the formation of the superconducting phase in thaucting state ¢, =), o, is the conductivity of an inclusion

volume of the S?‘”_‘P'e- i ) in the nonsuperconducting state,y is the conductivity of the
Other peculiarities in the properties of the samples Were, ~trix (0,>03), andP, andP,, are the relative volumes of

as follows: the superconducting and normal inclusions, respectively,
- After the removal of surface layers up to »0n (1st

samplg, the sample was still in the superconducting state;
that alloyvs us to affirm that the superconducting areas are P.=P . P,=P-P,, Ps=1-P,
located in the volume of the crystal. f§r3W(r)dr

- The residual resistance (80 Q) (in the n- and (2)
p-type materials(lst and 2nd samples, respectivelpdi-
cates that the volume of the superconducting areas is a smalhereP is the relative volume of inclusions in the sample,
part of the whole volume of the crystal. andW(r) is the distribution function of the spherical inclu-

- The peculiarities in the conductivity of the irradiated sion with respect to radius. The numerical calculations
sample disappeared upon room-temperature annealing. In theere done for inclusions with a normalized Gaussian distri-
p-InAs sample the conductivity jumps disappeared irreverspution over radius with a variana® and center y:
ibly after 2 months storage at room temperature. In the

fBC(T'H)r3W(r)dr

n-type sample the peculiarities of the conductivity persisted (r—rg)?
over a longer period of timéabout one year As is well W(R)=Zrlexg — | 3
known, radiation defects in crystals can disappear as a result 2s

of room-temperature annealing. Therefore it is possible to N . . . _
consider the disappearance of peculiarities in the conductivine critical radius at givel and H is determined by the

ity as another confirmation that the conductivity jump isformular(T,H)=5(2x/H)J1=T/T, (Ref. 15. Thus the
caused by irradiation. relative volume of inclusions in the superconducting state

depends on the magnetic field. The criterion of applicability
of this consideration and the results of calculations of the
magnetoresistance at different parameters of the system
(ro,S,0,,03,k) are presented in Refs. 12 and 13.

We assume that the above-mentioned peculiarities of the The theory describes the jumplike change of the resis-
magnetoresistance can be caused by the creation of supéance on changing temperature and magnetic field which is
conducting areas in the crystals. observed experimentally in irradiated InAs crystals. The val-

To explain the peculiarities of the conductivity of the ues and location of these jumps depend on the radii of the
irradiated crystal we apply the theory of the magnetic resisinclusions, the radius variance, and other parameters. It
tance of a crystal with superconducting inclusions, presenteghould be noted that in the case considered, the dependence
in Refs. 12 and 13. According to this theory the crystal undewof the conductivity on magnetic fielnagnetoresistantés
consideration consists of a matrix and metallic inclusionscaused by suppression of the superconductivity by the mag-
which can be either in the superconducting or in the normahetic field. As the magnetic field is increased, superconduc-
state, depending on their radius. The critical magnetic fieldivity is suppressed in the inclusions of the larger sizes and
guenching the superconductivity of the inclusions increasethen in the inclusions of the smaller sizes.
with decreasing radius of the inclusion. Thus, if the magnetic ~ From a comparison of the theoretical and experimental
field increases, the number of the inclusions in the supercordependences of the resistance on the magnetic field, one can
ducting state is reduced. conclude that the curves have qualitatively similar behavior:

To calculate the conductivity of a system containing su-1) a jump of the resistance at a certain value of magnetic
perconducting inclusions we assume that the total voluméeld is observed; Pa shift of the curves towards larger mag-

3. THE MODEL OF THE SYSTEM. COMPARISON OF THE
THEORY AND EXPERIMENT
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netic fields with the decrease of temperature is observed as 2. From Eq.(2) one can determine the interrelation be-
well; 3) at the lower values of the temperature the jump takegween the parameters being measured. Thus by the use of the
place in a wider range of magnetic fieldise., the curves Solution of Eq.(1) for the two limiting cases JaH=0 (Ps
=P, P,=0) and h H>H, (Ps=0, P,=P) we obtain the

became flattgr LD 4 .

To find th ¢ f th tem the followi formula for the conductivity jumpy of the irradiated mate-

. 0 find the parame ers.o € system the following ex-;. n=(0¢—0.)/o3. Hereoy is the value of the conduc-
perimental facts were used: _ N tivity at zero magnetic field, and.. is the conductivity at a

1. The critical temperature of the regions arising as remagnetic field value which exceeds the value of the critical
sult of the irradiation is equal td.o~5 K. field, and

0y —9P+27+9P?+37P—187°P?+127°P + 277P%—367P?— 27

T3 n(—27P?+27P3+9P—1)

4

At the known 7 (according to the experimental data the due to instability of the binary crystals with respect to gen-
value of the jump is approximately=0.12 formula(4) sets  eration of the antisite defects during irradiation by high-
up a correspondence between the volume of the inclustons energy particled®!’ These defects are formed by the abnor-
and the ratioo,/o3. mal substitution of the lattice sites by the atofms., the In

3. The inflection point of the curvAR/Ry(H) atom is situated on the lattice site of the As anice versa
Irradiation facilitates the accumulation of such types of de-
fects. The metal-enriched region may have a high conductiv-

AR
P&~ (H.T)/H?=0
0

T=(T4,H . . -
(Ta:Hy) ity or be in the superconducting state. It should be noted that
and the slope of the curve at the same point the appearance of superconducting properties in the binary
AR semiconductor GaAs with departures from the nominal sto-
= (H.T)/oH= - ichiometry was explained in Ref. 17 by a large concentration
Ro (H.T) ilt-rpmy of antisite defects.

2) The appearance of regions of high pressure near dis-

netic field and the slope at the inflection point for the curveIocatlons created by |rr§Q|at|9n IS possml)le. as well Such ar
eas are centers of origination of strain-induced localized

observed at the temperatufg. T
To determine the parameters of a system we used th%uperconducnvn)]/.

data(plateau, inflection, and slopef only curvel from Fig.

1. The other curve—4 were obtained without introducing CONCLUSION

new fitting parameters. One can see that there is a satisfac- Thus. the experimental maanetic-field dependence of the
tory coincidence of the experimental and the theoretical ' P 9 P

curves(see Fig. 1; the solid lines correspond to the theoret-rGSIStance of InAs irradiated by particles can be explained

ical curves; the dotted lines denote the experimentally meat-)y the presence of superconducting inclusions. The appear-

sured curves From the calculations the valueH o= 0.2 T ance of the superconducting regions may be caused by the

was estimated. The other parameters are given in the ﬁgu%eneratlon Of. meta@l-ennchgd areas under irradiation. The
caption. presence of inclusions which are in the superconducting

;Phase leads to an increase of the conductivity of a crystal at

Itis seen that the curves coincide well enough except aIow temperatures. Also, at low temperatures a strong depen
low values of magnetic field. The disagreement of the theo- P | ' P g dep

retical and experimental results at low magnetic fi¢ldsay dence of the _conductivity on magnetic fi(_eld takes plz_ace. T_he
be explained by the fact that at the low fields the resistance i?ependence IS caused.by phase transitions of the |.nclu3|ons
caused by inclusions of large sizébe critical field of an rom the superconducting to t.he .nonsuper-conductmg- state
inclusion is inversely proportional t9. Meanwhile, the pro- upon increase of the magne'uc ﬂe'd' Al .the effects I|ste-d
posed theory is correct far<1, and it cannot describe this depend strongly on the radius of the inclusions and the radius
e ' variance.
magnetic-field range. . . .
The proposed theoretical explanation of the observed ef—i nTIUII; iret?earfcggvorliiwgs ﬁgrtslalilynsuppopr'ﬁeq b%/’:lhe gg rSu?—/
fect is a phenomenological one. It confirms the appearanc a sty o ucation a clences, Froject No. Ue.

) . . .00147.

of the superconducting areas. To obtain experimental verifi-

cation of the appearance of such areas, to estimate their sizes,

and to determine their mutual arrangement, it will be neces*E-mail: shevtsova@naverex.kiev.ua, shevtsova@kinr.kiev.ua

sary to carry out structural investigations.
The microscopic mechanisms responsible for creation of

the metal areas may be the followings: . . . M. G. Milvidskii and V. B. OsvenskiiStructure Defects in Semiconductor
1) The appearance of the_ superconductln_g |nclu5|c_)ns Single CrystalsMetallurgia, Moscow(1984).

can be caused by the generation of metal-enriched region3T. T. Dedegkaeyv, V. A. Moshnikov, D. B. Chesnokova, and D. A. Jaskov,

were taken from experiment. Hek¢;, and y, are the mag-
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Phase states of a non-Heisenberg ferromagnet with complex single-ion anisotropy
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The phase states and spectra of coupled magnetoelastic waves of a hon-Heisenberg ferromagnet
with complex single-ion anisotropy are investigated. The influence of inclined anisotropy

on the phase states and spectra of the system is determined. The phase diagrams of the system
are constructed for different relationships among the material constan)0® American

Institute of Physics.[DOI: 10.1063/1.1596578

INTRODUCTION In this paper we study the influence of complex single-
) _ion anisotropy on the phase states of a non-Heisenberg mag-

In compounds of rare-earth elements with low magnetiG,qo ith allowance for the ME interaction and investigate the
ordering temperatures a significant role in the formation ofyepavior of the spectra near lines of phase transitions for

the thermodynamic and spegral properties of the magnet igjgerent relationships among the exchange interaction con-
played by crystal-field effects:® The effect of the crystalline tants.

field on the 4 electrons is weakened because of the screen-
ing by the outer electron shell, and that prevents freezing of
the orbital moment of the magnetic ion. Because of the un-
frozen orbital moment and strong spin—orbit coupling, theMODEL
direction of the magnetic moment of the ion is influenced by
the highly anisotropic crystalline field, and this leads to a
large single-ion magnetic anisotropy.

It follows from the Jahn-Teller theorénf that in the 1
case of integer spin a lowering of the symmmetry of the H=—§ > {I(n—=n")S,- Sy +K(nh—n")(S,-Sv)?}

The Hamiltonian of a ferromagnet with a complex SA
and a biquadratic exchange interaction is written in the form

crystalline field should occur, leading to lifting of the degen- n#n’
eracy of the ground state of the magnetic ion. And because 0 0 5 5 e o
the spin Hamiltonian should have the same symmetry as the - 52; O2n— 52; 03,— B3 ; 2n

crystalline field, this can lead to a complex form of the

single-ion anisotropy(SA) operator. For example, it was o N+7n

noted in Ref. 5 that in the crystallization of salts of rare-earth + V; Uij(”)SInSHJ dr{ 2 EI uj + ’7; uj
elements with the general formaula RBOwhere R is a :
rare-earth ion and B8P, V, or As, as the temperature is low-

ered one observes a crystallographic distortion with a lower- +)‘i§j Uii Uj ] , @)

ing of the lattice symmetry to monoclinic, and, accordingly,

off-diagonal components of the anisotropy ten&j,, BY?, the operator©¥,, (p=0, 2,zx) are related to the spin opera-

or B, appear in the SA Hamiltonian. tors as follows:03,=3(S%)2—2, 05,=1/2[(S7)?+3], and
The influence of inclined anisotropy on the phase state®3,=S,S}+S|S;,, whereS; are the spin operators at site

and spectra of coupled magnetoelagtE) waves of a I(n—n’)>0 is the Heisenberg exchange constakin

Heisenberg ferromagnet was studied in Ref. 4. Further analy-n’)>0 is the biquadratic exchange consta®}; B3, and

sis showed that this model requires more careful study of th&5* are the SA constants; is the ME interaction constant;

influence of single-ion anisotropy of monoclinic symmetry u;;(n) are the components of the elastic strain tensaind

on the formation of phases and of the behavioral features ofy are elastic moduli. We shall further assume that the mag-

the spectra of quantum excitations. netic ion has spirs=1, since the quantum properties of the
It has been noted repeatetifiy? that the inclusion of system are most clearly manifested in that case.

non-Heisenberg terms in the exchange Hamiltonian can en- We assume that the magnetic moment of the system lies

hance the SA effects. Here quadrupolar ordering will be rein the ZOX plane and makes an angbewith the OZ axis.

alized even when the SA constants are smaller than th8uch a state of the system will be called the fighase. Let

Heisenberg exchange constants. For this reason it is of inteus investigate the FM phase in the mean field approxima-

est to study the system with the biquadratic exchange intettion. We rotate the coordinate system arou®dso as to

action taken into account for different relationships amongmake the direction of the magnetic moment coincide with the

the exchange interaction constants. S direction:

1063-777X/2003/29(7)/8/$24.00 555 © 2003 American Institute of Physics
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H(6)=UH U*, U(®)=]] expios)].

After the self-consistent fiel{S*) due to the ordering of

the magnetic moment and the additional field§ (p

=0, 2,zx) due to the quadrupole moments are separated out
in the exchange part of the Hamiltonidh), we obtain the

following Hamiltonian of the system:

H(t9 __E ( nn’

n#n

K 1
(Sy— (-5 2 (gq;’ogn

nn’)[SJrS +(Sﬁ_<sz>)
-3 a0y
t

5 E Knn/

n#n

—q9)(05., —q)

Nvs(s+1)

05) (05, —0y) |+ —

+ > (0h,—
t=2,xy,

X2,yZ

Ko 1
X (Uyyt+ Uyy+ uZZ)—En: ( lo— 7)(32)3?& EN

X

<SZ>2

<q2>2+2 (ab) ”

——st(s+1 Z [BS(6)0% +B2(6)02,

+B3(0) ]+v2 [U,(O%) cosd+ 0% sin6)

+uy,(O3} cosf— O3} sinb)]. (2

Here we have introduced the notation

1
BY(6)= > sin 20(B5*— vu,,) + A— B cos 20;

1
B3(6)=— 5 8in 20(B5"= vu,,) + 3A+ B cos 2,
B3X(6) = (B3*— vu,,)cos 26+ 2B sin 26;

A—}[BZ+B°+ b+bo)];
T 3lP2T b2 v( 0l;

B—}[BZ—SB°+ b—3bg)];
T 3lP2 2t v( E

1

1
b= E(uyy_ Uxx); bozg(uyy+ Uxx— 2Uz3);

A5=(08n); 1o=2 I(n=n"); Ko=2, K(n—n’).

From Hamiltonian(2) we we separate out the one-site

Hamiltonian
Ho(n) =&€p— ﬁSﬁ—
+ VSinSf.]Uij , (3)

B505,~B303,~B503;
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where

s

2 2
£0=3 2 V(U Uyy+Uy,) — K0+ 5

1
+ §<q2>2+<q%>2+<qéx>2);

g:

Ko - 1
o 2 (: B3=BY0)+ 5Koat

=B3(6) + %Koqgi B3*=B3%(0) + %KOQEX-
Solving the one-site problem with Hamiltonid8), we
obtain the eigenfunctions of the one-site Hamiltonian:
| W) =cose|l)+sing|—1); |¥y)=]|0);
|W 1) =—sing|1)+cose|— 1), (4)
and the energy levels of the magnetic ion:
E; 1=—BYFp; Eo=2B, (5

wherep?=H?+(B2)?; the parametes is related to the ma-
terial constants as

tan 2p=B%/H.

The spontaneous strains are determined from the mini-
mum of the free energy. In the low-temperature limit (
<Tc, whereT¢ is the Curie temperatuyeto which we re-
strict discussionE; is the lowest energy level of the mag-
netic ion. In that case we obtain the following expressions
for the spontaneous strains:

37p+N\)
L0y~ RACUARON
Uyy + Uy 2775|n2<p 2t 3N
O_ o_ " 4 .

u u 27](1 sin 2¢)cos 20,
o_ " V=)

S P S T TEIVE

ul®=— L(l—sin 2¢)sin 26.
zX 477
The equilibrium angleé is also determined from the
minimum free energy density:
2(B5*—vuyy)
3BY— B3+ v(Ugy—Uy)

tan 20=

Using a basis of the wave functiof®) we construct the

Hubbard operator™™ = |w (M)} ¥, (M")|, which de-
scribe the transition of the magnetic ion from the state
¥, (M') to the stateV ,(M).® These operators are related to
the spin operators as follows:

S =(X1-X"1"Ycos 20— (X1 1+ X ysin 2¢;
S =(s""; (6)
ST =v2(X¥+ X% Y cose+v2(X*1— X9 sine.

Using expression6), we determine the order parameters
characterizing the FM phase at low temperatures:
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d5=1; g3=sin2p; (S?)=cos2p,
the parameters and 6 taking the form:

3
7 (B2TBY—x
tan 2= TZZ ; sin2¢=5—p7——

ZX

—ay)
whereag=v?/27 is the ME coupling parameter, and
3BJ-B3\?
X=(BY)*+ | —5—| .

We write the components of the strain tensor in the for

uj=u”+uf is the dynamic part of the strain tensor, which
descrlbes V|brat|ons of the sites of the crystal lattice. Sepa

rating out the terms proportional tg" in the Hamiltonian
(3) and quantizing them in the standard V\’féwe obtain a

Hamiltonian describing processes of interconversion of mag-

nons and phonons:
Hre=2 | 25 PuHy'+ 2 PuXd),
where
P =i2 (bx+b )TV (k,N); b (byy)
M (a) \/Nk,)\ k,\ KN/ 'n LAl [N N

are the creation(annihilation operators for phonons with

polarizationA, N is the number of sites in the crystal lattice,

TM(@(k,\) are the conversion amplitudes afpolarized
phonons and in this case have the form

14
Tk, ) = EA(k,)\)[(e{kar exk,)sing sing

+(ek,+erky)sin® cose
+i(elky—erk,)cosp sin 20

+i(elk,+efk,)cosp cos 20],

14
Tl‘l(k,)\)=§A(k,)\) — (eJky+€}ky)coso
+i(efky cos 0+ ek, si? 6—eJk,)

i
X sin 2p— E(e§k2+ exk,)sin 2¢ sin 260

+(efk,+erky)sing|,

14
T 9%k,N)= EA(k,)\)[(e{kXﬂL efk,)cose sin 6

+ (elk,+exky)cosp cosd
—i(elky—ejk,)sin® sin 26
—i(ek,+efky)sing cos 2],

TPk N)=— (TP (K \))*,
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o=@+ w4, mis the mass of the magnetic ion, ang (k)
=c,k is the spectrum of noninteractingpolarized phonons.

The spectra of elementary excitations are found from the
poles of the Green’s functiot?:

G (n, 7,0’ 7)== (TX&(nXE (7)),
where T is the Wick operator, X(7)=expH DX
Xexp(—H7) is the Hubbard operator in the Heisenberg rep-
resentation, anth =Hq+ Htg+Hiy:-

Further calculations will be done in the mean field ap-

mprOX|mat|on and we shall therefore need only the “trans-

verse” part of the exchange Hamiltoni&h,;, which has the
foIIowmg form in terms of the Hubbard operators:

Ann’c(ﬁ)}xaxﬁ

n‘:n’ -

2 {c(a),

nn ,a,B

|nt

The eight-dimensional vecta(«) has the following compo-
nents:

c(@)={71(a),y1(2),71*(—a),
Ya(@), v2(a),7:*(—a), y3(a), vs*(—a)},

while the 8<8 matrix A, decomposes into the direct sum
of two matricesu&nn,—Am,@Affn), (see, e.g., Ref. 12

The functlonSy,‘(“(a) are determined from the relation
(6) between the spin operators and the Hubbard operators;
are root vectors which are determined by the algebra of the
Hubbard operators:1®

The Larkin equation for the Green'’s function of our sys-
tem has the forth!

' / 1
G (kK wn) =2 (K, 0p) = 521K, )

x{c(—ay), AK)C(a)}G 2 (K,w,)
+3 (K, w,)
XT"*(k,\N)Dy (K, 0,,) T2
(—kA)G2 (K ),

where
2w, (K)

wzn— w}\z(k)

Dy (k,wn)=

is the Green’s function of a frek-polarized phonon. This
equation can be solved because of the separable dependence
on the indexa. In the mean field approximation the Larkin-
irreducible part has the forms** =5, b(a)G(wy),
where b(a) =(a-H),, and G§(w,)=[iw,+a-E] ! is the
zeroth Green's function; the components of the ve&are
the energy levels of the magnetic ion, and the components of
the vectorH are the diagonal Hubbard operators. In this
approximation the dispersion relation of coupled ME waves
has the form

deﬂé” +X|]||:0, i ,J :1,..

.8, (7)

where
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Xi;j=Gg(wn)b(a)cij(a) (S?)=cos 2p cosl; (S)=cos 2p sin0;
+ Bk N) T4k GE(wp)b(a) TA . sin26(1—sin2g)
(—k\")Gh(wp)b(B)ci(a,B); 2 2 ’

Di(k, ) 1+ 3 sin 20+ 3 cos 6(1—sin 2¢)
0 N — A . ¢
L NN G2~ 7 ?

=Tk )G T *(k\'); . .
Qu (kM) Go(@n)b(a)T (kA T); ,_1+3sin2p—cos 20(1-sin2p)

Cij(a.B)=ay(a.f)Aq; an(a.B)=ci(a)cy(—B). a2 4 !

It should be noted that all of the single-ion correlations
have been taken into account exactly, and [#yjis therefore x
valid for arbitrary values of the SA constants, arbitrary rela- 59— 283" | sin 20 =
: . : . 0_Rp2: ¢ .
tionships among the exchange interaction constants, and ar- 3B,—B; 2(lo—Ko—ap)
bitrary temperatures. For this reason one can write out its
solution in the most general form, assuming that the wavend for the FN phase:
vectork is directed along the ¥ axis. Then the components
of the polarization unit vector of the acoustic waves gfe

3
5(524'5%)—)(

1+3sin2pcosp

e, ande’. (&)=cos2p; dp= > ;
The spectra of quasiphonon excitatighgo transversely
polarized brancheg @nd7) and one longitudinally polarized ) 1—sin 2¢ cosu _ .
(1) branch have the form: G=————% q5*=sin 2p sinu;
w?(K)= (k)| 1+ A) ® B2
t 1
E1-1+K(K) sin2¢sin,u=—2;
lo—Ko—ag
w3(k) = (k)
. 2_ aRo0
Exo+ 1 (K)+(1(k)— K(K))sir? 2¢ sin 20 Cosp= 2382
X|1+2ag 2 2o ; O 2(lo—Ko—ag)”
i (Eqot+1(k)?=(1(k) —K(k))*sin* 2¢ 0™ "o %0
wg(k):w,z(k) The parameteg in the FM, phase arises in the diago-
nalization of the one-site Hamiltonian obtained frébn with
<|1+4 CoCOS 2¢ ) allowance for the fact that the magnetization is directed
I Ejot K(K)+2(1(k)—K(K))Sir? 2¢ |’ along theOY axis. This parameter is related to the angie

the FM,, phase by the relatiop+26= 7, and the magne-

and the quasimagnon spectra are tization in these phases never reaches saturation, i.e.,

23(K)=(E1 1+ K())[Ey 1+ K(K)+2(1(k) (S)#L. _
The order parameters of the two phases with zero mag-
—K(k))sir? 2¢]. (100  netic moment are:

63(K) = (Exgt 1(K)2— (1 (K) — K (K))?Sir? 260, For the QU phase:

ZX
V2 <S>:0 qZX:B—Z.
Ei-1=E1—E_1; Eio=E1—Eo; COZZ()\—‘H?)' (11) T 1= Ke—ag'
In addition, it is assumed that the velocities of theand . 1( 3 B3-3B)
_polari i =S|t
7polarized phonons are equal, i.e., 4z 2 2 1o—Ko—ag
201y = 1201y — 12
wi (k)= of(k)= 5K qzz_l ~ BS-3B |
2 2 2(|O_K0_ao) ’

PHASE DIAGRAMS OF A NON-HEISENBERG .
FERROMAGNET WITH COMPLEX SINGLE-ION ANISOTRopy  @nd for the QU phase:

As an analysis of the single-ion problem shows, in the (S)=0; g3'=0; q§=q2=1.
casel,—Ky—ag>0 there are four phase states that can be

realized. The existence regions of the phases are shown on the
The order parameters of the two phases with nonzerphase diagram. For clarity the casB§>0 (Fig. 19 and
magnetic moment are: B§<O (Fig. 1b are shown separately. Sections through the

For the FM, phase: FM,, phase are shaded with vertical lines, and sections
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a b

- Bzzx/('O‘Ko‘ao)
B, /(lp-Ko-ap)

KY KY
-2
=g [ TTag0 4] | 3BY(1,-Ko-ag)
L rgM— — -1 13BY/(1,-Ky-ap) Med | BB2/llo—Ko=20
1
A T
. /
-~ 7
/
BZ /, 2
2/(lo=Ko~-20) -Ba/(lg-Ko—2g)

FIG. 1. Phase diagrams of a ferromagnet with inclined single-ion anisotropy when the Heisenberg interaction is predgmidgnta,>0; B§>0 (a),
B2<0 (b).

through the FN] phase are shaded with horizontal lines. Be- e2(k)= (21— K(k)— Kg)[ 21— K (k) — Ko— 2(1 (k)
low the FM phase is the Qlphase, and above it is the QU 2
phase. The heavy line in Fig. 1b shows the line of the phase —K(k))sin" 2¢], (12)

transitions between the FMand FM, phases. In the param-
eter region bounded by the lin@& = —1,+K,+a, andB3

A 1ot Ko- ) , - 2lo—K(k)—Ko—2ag
=3B,—2(lg+Kg+ap) (the dashed lines in Fig. 1ibhe fer- wi(K)=w;(k) Ao—K(K—K , (13
romagnetic phases become unstable, and the, @hhse is 0 0
realized.
Let us turn to an analysis of the expressions obtained for 3 3 2
the spectra of coupled magnetoelastic waves. Substituting s%(k)=(lo—l(k)+ao+ X+t Z(B§+ BY)
E,_; and Eqp into Egs. (8)—(11), we obtain for the FM,
phase —(I(k)—K(k))?sir? 2¢, (14)
|
3 3 2 0 ? 2o
lo=1(K)+ 5 x+ 7(B5+B3) | —(I(k)—ap—K(k)) Sir? 2¢
w5(K) = w?(K) 2 (15

—(I(k)—K(k))zsin22<p.

3 3 5 5

Near the line of phase transitions between the,Fahd B2+BY
FM, phases a softening of the spectra of the quasiphonons sin 2¢C=W<O.
; o o (lo—Ko—ap)
w,(K) occurs, and on the line of phase transitions, which is

determined by the relation In the neighborhood of the lines of phase transitions

e W FM,,—QU, or FM,,—QU,, the quasimagnon branch of exci-
B2'=V2B3(B3+3B3), tationse,(k) softens, ance;(0)=0 on the lines of phase
and in the long-wavelength limitag>ak?), the quasi- transitions. The quasiphonon spectrum(k) remains linear

phonon spectrum becomes quadratic in the wave vector: in the wave vector, and the quasielastic wave velocity is
slightly renormalized:

1+sin2¢.| 1
2 2 2 c
= S a
w3(k) = w?(k)ak (aol_sm 200 (16) Etzzctz( 1- 3}
lo—Ko
and a magnetoelastic gap appears in the quasimagnon spec- N _ )
trum: For the FM,—QU;, phase transition the linB3* is equal

to
£5(0)=—2ag(lo—Ko—ap)(1-sin 2¢,)sin 2¢;, (17)

, _ _ V2[B3+ (I~ Ko—a0) [[B3+3B3+2(1o—Ko—ao) .
where a=143Rj, whereR, is the Heisenberg exchange ra-

dius, and For the FM,,— QU,, phase transition the linB3* is equal
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to

V2[B5— (1o—Ko—ag) ][B3+3B3—2(1,— Ko—ap)].

On approaching the lines of phase transitions to the QU

phases there is a decrease of the magnetization, and t
phase transition is accompanied by the vanishingSf
In the QU, phase relationg8)—(11) take the form

3
Si(k):[K(k)_Ko_Zaﬁ‘X_5(834‘52)}

X

3
21(k) —K(k)—Ko—2ap+ x— E(B§+ BY)

(18

3 2 0
K(k) =Ko+ x— E(Bz"'Bz)

2

2
w3

= wy

(k)= wg(k) , (19

3 2 0
K(K)~ Ko~ 28+ x5 (B3+B9)
2 _ _ _ _ _§ 2 0
£3(K)=| K(K)~Ko—2a0~ x— 5 (B} +BY)

X

3 2 0 }
21(K) K (k) ~Ko—280—x— 5 (B3 +B9)|,

(20

3 2 0
K(k)_Ko_X_E(Bz+Bz)

20y .2
03(K)=o?7(k)

T

. (21
K(k)—=Ko—2ap—x— 5 (B3+BY)

As we see from expressioli$8)—(21), the spectra of the
qguasiphononso,(k) and w,(k) remain linear in the wave
vector in the vicinity of the line of phase transitions
QU,—FM,,, and their velocities are slightly renormalized.
The quasimagnon branch of excitationg k) softens near

the QU,—FM,, phase boundary, and the gap in the quasi- ) )
magnon spectra vanishes on the phase transition line. The ®1(k)=w{(k)

Fridman et al.

2x+Ko—K(k)
2(ap+x) +Ko—K(k)

In the QU,, phase the spectra of the quasiphonepék)

ﬁgd w,(k) are practically insensitive to the influence of the
magnetic subsystem and remain linear. In the vicinity of the
line of phase transitions QW-FM,, a softening of the
guasimagnon branch of excitatiof22) occurs, ands(0)

=0 on the phase transition line. In the vicinity of the line of
phase transitions QL-FM, the quasimagnon spectrui24)
softens, and it vanishes on the phase transition line

w3(k) = w?(k) (25

B2*=(l,—Ko—ap)?— ((B5—3B9)/2)2.

For l,—Ky—ay<0 the phase states with nonzero magnetic
moment become unstable, and only quadrupolar ordering is
realized.

Let us consider the properties of the quadrupolar phases
in more detail. IfB5*=0, then, as was shown in Refs. 9 and
11, for certain relationships among the SA constants the
phases QU, QU;, and QU are realized. The ground state
Vs of the magnetic ion in these phases is described by the
following functions: |¥g9)=1W2 (|1)+|—1)) (the QU
phas¢ |Wc9= 12 (|1)—|-1)) (the QU phasg; Vg
=|0) (the QU, phase.

If B5*#0, then the ground state functions of the mag-
netic ion take the forms:

for o=ml4: |W59=1NM2(]1)+]|—1)), which corre-
sponds to the QUphase;

for o=—ml4: |Vgo)=cosbV2(|1)—|-1))—sin6|O),
which corresponds to the QUphase.

The ground state function of the magnetic ion in the
QU,, phase is a superposition of its ground state functions in
the QU, and QU phases.

The spectra of coupled ME waves in the cadge K,
—a7<0 have the form

phase transition is accompanied by the appearance of a mag-

netic moment in th&Z OX plane.

In the QU,, phase the spectra of coupled magnetoelastic

waves, with the expressions for the order parameters taken

into account, become

2 3 2. R0
e1(k)= K(k)_Ko_zao_X"‘E(Bz*'Bz)}
3 2 o}
(22)
3 2. ko
K(k)_Ko_X+§(Bz+Bz)
w2(k)= w?(k) ; (23

5 (B3+BY)

£5(k)=(K(k) —Ko—2(x+20))(2I (k) = K(k) =Ko

—2(x+ao)). (24

e2(k)=(Ey_1+K(K))(E;_1+21(k)—K(k)), (26)
0 .
1+ Ei_1+ K(k))’ @7
£3(K)=(E1ot+ K(K))(Eqot 21 (k) —K(K)), (28)
N 23, )
w3(k)=w?(k) 1+—E10+K(k) . (29)

In the QU, phase

3 2 0
Elfl: —K0—2a0+)(— E(Bz"_ BZ)'

- K. _ _§ 2, RO
E10=~Ko—28,—x— 5 (B2+By).
In the QU,, phase
3 h2. RO
El,l:_Ko_zao_X‘Fz(Bz"_Bz),

E10: - KO_ 28.0—)(.

Substituting the values d&,_; andE,g into Egs.(26)—
(29), we obtain
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By /(Ky—lo +ag)

2 3 2 0
83(k)=| K(K)~Ko=2a0+ x5 (B3 +BY)
_ _ _ _E 2 0
x| 21(k) =K (k) ~Ko—2a0+ x— 5 (B3+B9) |,

3 2 0
K(k)~Ko+x— 5 (B5+B9)

w2(k) = w?(k)

3 2 0 ,
K(k)~Ko— 289+ X~ 5 (B3+B9)

0 3BY/(Ky — I+ ag)

2 _ 3 2 0 2
e5(k)=| K(k)—Kg—2a,—x— E(Bz"‘ Bz)) ~ By/(Ko =l +2g)

FIG. 2. Phase diagram of a ferromagnet with inclined single-ion anisotropy

X when the biquadratic interaction is predomindgt Ko—ay<O0.

3 2 0
21(K)~K(K)~ Ko~ 280~ x~ 5 (B3+BY)

3
K(k)—Ko=x— E(Bg+ B2) In the vicinity of the line of phase transitions Qi3 QU,
3 . the spectrum of the quasiphonoasg(k) softens, and in the
§(B§+ BY) long-wavelength limit it becomes quadratic on the phase
transition line, and a magnetoelastic gap appears in the
In the vicinity of the line of phase transitions QUQU,,  quasimagnon spectrufthe equations are analogous(80)

the spectrum of the quasiphonoas(k) softens, and on the and(31)].

w3(k)=w?(k)
K(k)_ KO_ZaO_X_

phase transition line The spectra of the quasimagnons(k) and qua-
siphononsw,(k) in the vicinity of the line of phase transi-
B3*=V2B3(B3+3B;) tions QU,,—QU, behave as noninteracting excitations of the
and in the long-wavelength limit it becomes quadratic: magnetic and elastic subsystems. .
Several sections through the phase diagram of the sys-
2 2 Yk tem under study are presented in Fig. 2. The shaded region
@1(K)=oi(k) a_o’ (30 corresponds to the QUphase; in the region of parameters

satisfying the inequality B5)?>2B35(B5+3BY) the QU,,

and a magnetoelastic gap appears in the quasimagnon Sp%(ﬁase is realized

trum:

£5(0)=4ag(Ko—lg+ap); (31

~5 ~ . . _ . CONCLUSION
herey=KyRy, whereR is the biquadratic exchange radius.

The features of the behavior of the ME waves attest to  These studies have clarified the influence of monoclinic
the orientational nature of the phase transition. As in thesingle-ion anisotropy on the formation of phase states and
B5*=0 case considered in Refs. 9 and 11, the reorientatiothe dynamic properties of non-Heisenberg magnets. A com-
reduces to a rotation of the principal axes of the quadrupol@arison of the results with those of Refs. 9, 11, and 12, in

moment tensor. which an analogous system without the inclined anisotropy
Analogously, by substituting the values®Bf_, andE,,  was studied, shows that the influence of the inclined anisot-
for the QU,, phase into Eqs26)—(29) we obtain ropy leads to substantial changes in the behavior of the sys-
tem.
e2(k)=| K(k) —Ko—2ag— x+ g(Bng BY) First, the influence of the inclined anisotropy is mani-
fested in a complication of the phase diagram of the system.
3 For example, in the case studied here, unlike the situation
X | 21(k)—K(k)—Ky—2ap— x+ §(B§+ Bg) , investigated in Refs. 9, 11, and 12, taking the inclined an-
isotropy into account leads to the formation of canted phases.
3 In addition, the FM,—FM, phase transition occurs via the
K(k) —Ko—x+ §(B§+ BY) quasiphonon branch of elementary excitations; this attests to
w2(k)= w?(k) 3 ; the reorientational character of this phase transitiofihe
K(k)—Ko—2ay— x+ = (B2+B9) other phase transitions that are realized in the system under
2 study in the case of a large Heisenberg exchange occur via

the quasimagnon branch of excitations. Furthermore, taking

2 _ _ _ _ _
22(k) = (K(K) =Ko =2(x+20)) (21 (k) =K (k) =Ko the inclined anisotropy and the biquadratic interaction into

—2(x+ag)). account leads to a narrowing of the existence region of the
ferromagnetic phases.
wg(k):wz 2x+Ko—K(k) In the case of a large biquadratic interaction only the

™ 2(agt x) K= K(k) quadrupolar phases are realized in the system. The structure
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Current-induced change in the character of the conduction in La 0.7755r.225MN0O5 _ 5 films
A. N. Pogorily, A. I. Tovstolytkin,* I. V. Lezhnenko, A. I. Matviyenko, and V. P. Kravchik

Institute of Magnetism of the National Academy of Sciences of Ukraine, pr. Vernadskogo 36-b,
02142 Kiev, Ukraine
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Fiz. Nizk. Temp.29, 754-757(July 2003

A study is made of the electrical properties of thin films of EaSry »,dMNnO;_ 5 prepared on
single-crystal substrates of Srlf®y magnetron sputtering. A substantially nonlinear

character of the current—voltage characteristic of the film samples is observed at temperatures
below 270 K. It is shown that increasing the current density leads to a transition from a
semiconducting to a metallic character of the conduction. An explanation of the results is proposed,
based on the hypothesis of phase separation of the samples into conducting and insulating
layers, stimulated by the mechanical stresses arising near the film—substrate boun@9g3 ©
American Institute of Physics[DOI: 10.1063/1.1596580

For the last decade the substituted manganitesetic metallic, ferromagnetic insulator, and nonferromagnetic
La; _,A,MnO; (A=Ba, Sr, Ca .).have been the subject of insulator regions coexist in the films. Recently Klainal°
steady interest from investigators, because of both the urdetected anisotropy of the electric properties, nonlinearity of
usual nature of their propertie$and the possibility of de- the current—voltage characteristics, weakened ferromag-
veloping fundamentally new devices based on tiéri.has  netism, and signs of antiferromagnetic ordering in biaxially
been shown that the properties of these materials are detestressed LasCa;sMnO;3 films. Those authors also showed
mined by a complex interaction of the structural, magneticthat with increasing current density the system undergoes a
electronic, and orbital degrees of freedbfWhile the tran-  transition to a highly conductive state, a fact that is of inde-
sition of manganites from a paramagnetic insulating state tpendent interest for magnetoelectronic devices.

a ferromagnetic metallic state can be explained qualitatively  The influence of biaxial stress on the properties of films
by the classical double-exchange motiébr a more com- of the La_,SrMnO; system &=0.3, 0.5 was studied in
plete understanding of their properties it is necessary to indetail in Ref. 11. It was shown that the mechanical stresses
voke electron—lattice couplin® Theoretical calculations created in Lg-Sr, sMnOs films by SrTiQ, substrates are in-
show that uniform compression of the crystal lattice in-sufficient to destroy the ferromagnetic conducting state.
creases the amplitude of the intersite electronic transitionslowever, since the double exchange becomes weaker and
and tends to stabilize the metallic stitdowever, the biax- the role of the electron—phonon interaction becomes larger
ial stresses that arise, for example, in epitaxial films withas the strontium content decreaéspne would expect a
lattice parameters differing from those of the substrate enstronger effect from these substrétesLa, _,Sr,MnO; films
hance the tendency toward localization of the electrons. Fangith lower values ofx. In this paper it is shown that the

et al. investigated the stability of the ferromagnetic metallic conductivity of L& 77:51.2,dMN05_ 5 films deposited on
state theoretically and came to the conclusion that increasingrTiO; substrates depends strongly on external fadiles-

the biaxial stress promotes additional ordering of the orbitalsric field), and that increasing the current density leads to a
of the manganese ions, which in turn tends to stabilize théransition from a semiconducting to a metallic character of
antiferromagnetic insulating state. the conductivity.

Experimental studies, which in the majority of cases Lag 77550 20MNO3_ 5 (LSMO) films with a thickness of
have been done on epitaxial films of the,LaCaMnO; 270 nm were grown by magnetron deposition on single-
system, agree qualitatively with the theoretical calculationscrystal substrates of SrTHO(STO) oriented in the(001)

For example, Zandbergest al® have shown that in ultrathin  plane. The target for preparation of thin-film samples was
films (8 nm or less of Lay74Ca ,»MnO; on SrTiO; sub-  synthesized by the standard solid-phase reaction méfidd.
strates, the magnetic moment is weakened, the Curie tenfn this study we investigated films obtained at a substrate
peratureT; is lowered, and the resistivity is increased in temperature of 880°C in an atmosphere of 40%Ar and
comparison with bulk samples. A comprehensive study of th&0%O,. The pressure of the gaseous medium during depo-
structural, electrical, magnetic, and resonance properties aition was 1072 torr. After preparation the film were an-
LaysCa,sMN0O; epitaxial films grown on SrTiQ substrates nealed in air fo 6 h at atemperature of 750 °C. X-ray stud-
was reported in Ref. 9. The experimental results convincies were done on a DRON 3M diffractometer (Cu
ingly demonstrated that films of thickne$s<50 nm are radiation). For the electric measurements, films of dimen-
characterized by lower values &%, smaller magnetic mo- sions 7<15 mm were glued to a sapphire holder and placed
ments, and increased resistivity. Moreover, a nuclear magn a massive copper cylinder, which was cooled or heated to
netic resonance study has distinguished phases with differemtiry the temperature of the sample. The value of the tem-
magnetic and electric properties. It was shown that ferromagperature was monitored by a thermoresistor glued to the

1063-777X/2003/29(7)/3/$24.00 563 © 2003 American Institute of Physics
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FIG. 1. X-ray diffraction patterns of a lya;sS5r ,gMNO;_; film and a 100 20(_)|_ K 300 400

SrTiO; substrate.

FIG. 2. Dependence of the resistivity of LSMO on the temperaiusnd
the current strength [mA]: 0.1(A), 0.5(0), 1 (O), 5 (V).

holder a distance 3 mm from the film. Measurements of the
resistivity were done in direct current by a four-probetion from metallic dp/dT>0) to semiconductordp/dT
method with the use of a computerized data collection sys<0).
tem. The apparatus was capable of measuring the resistivity It was noted above that mechanical stresses generated
of a sample at a fixed value of the current in the range frormear the substrate—film boundary not only promote degrada-
0.01 to 10 mA. The contacts were formed using silver pastetjon of the ferromagnetic metallic state in manganites but
which was burned in at 350 °C. The temperature dependena@dso enhance the tendency toward antiferromagnetic ordering
of the resistivity was obtained on a slow heating of theand localization of the charge carriers. Under such conditions
samples from 77 to 370 K after a preliminary cooling to the inhomogeneous state characterized by coexisting regions
liquid helium temperature. with differing magnetic order and conductivity turns out to
The x-ray diffraction patterns for one of the films studied be preferable to the homogeneous stdtdand that may be
and for the SrTiQ substrate(see Fig. 1 attest that the the case in the samples studied here. The behavioral features
LSMO film is single-phase and that its growth is epitaxial. It which we observed in the ka5 ,dMNO;_ 5 epitaxial
is seen that the film has eraxis texture characterized by films are easily explained by assuming a coexistence of me-
high intensity of the (00 peaks(pseudocubic representa- tallic and insulating phases, the relative amounts of which
tion). As in the substrate, th@02) peak is split. The inten- vary as the current density is varied.
sity A of the (011) and(111) peaks is not more than 0.8% of The tendency of substituted manganites toward phase
A(oo)- Reflections from phases other than perovskite are nageparation has been noted in a number of theoretical and
seen on the LSMO diffraction pattern. experimental paperS;*®but only in recent times has there
The resistivityp of the film as a function of temperature been convincing proof of the stability of the mixed state
T and current strengthis shown in Fig. 2. The form of the containing ferromagnetic metallic and nonferromagnétic
p(T) curve obtained fot =5 mA agrees with the analogous tiferromagnetic or paramagnelimsulating regions:>'°The
curve for bulk samples of the given compositirt* Near  appearance of the latter is due in significant measure to the
T,=270 K the temperature dependence of the resistivity ( tendency toward mutual ordering of the charges and orbitals
=5 mA) has a sharp peak, which is characteristic for a tranef the manganese ions, which in,LgA,MnO; are found in
sition from a weakly conductive paramagnetic to a highlyboth triply and quadruply ionized state4.Dubinin et al?°
conductive ferromagnetic statéIn the low-temperature re- did an elastic neutron-scattering study of the features of these
gion (T<T,) the temperature coefficient of the resistivity is types of ordering in bulk single crystals of the system
greater than zerodps ,o/dT>0), which may be evidence La; ,SrMnOjs, including samples witkx=0.23, which are
of complete domination of the ferromagnetic metallic phaseclose in composition to the films studied here, and showed
However, in reality the picture is significantly more compli- that regions with short-range charge/orbital order exist in the
cated, as becomes obvious when the current strength is vasingle crystal at all temperatures beldw, i.e., they coexist
ied. BelowT, the current—voltage characteristics of the film with the ferromagnetic metallic phase. Since increasing the
are highly nonlinear, the degree of nonlinearity increasing abiaxial stress favors localization of the charge carfi€rand
the temperature is lowered. Whereas at 250 K decreasing thike charge/orbital ordering is highly susceptible to external
current from 5 to 1 mA leads to an increase in the resistivityinfluenceg(including an electric fielg:? the unusual proper-
by a factor of 1.1, af =77 K the ratiop, ma/psma reaches ties of La, 776515 20dMNO5_ 5 films are logically explained by
3. Further decrease of the current not only increases the réhe appearance of a two-phase state of this kind.
sistivity significantly (g1 ma/psma~1.34 at 250 K and Thus we have found that at temperatures below 270 K
~16 at 77 K but also changes the character of the conducthe resistivity of the film samples depends substantially on
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The magnetic and transport properties of @ 43, sCoO;_ 5 film grown on a LaAlQ substrate

by pulsed-laser deposition are studied. The properties are found to be influenced by the

magnetic anisotropy and inhomogeneity. Magnetoresistance anisotropy is determined by the shape
anisotropy of the magnetization and the strain-induced magnetic anisotropy due to the
film—substrate lattice interaction. Indications of the temperature-driven spin reorientation transition
from an out-of-plane ordered state at low temperatures to an in-plane ordered state at high
temperatures as a result of competition between the aforementioned sources of magnetic anisotropy
are found. ©2003 American Institute of Physic§DOI: 10.1063/1.1596581

1. INTRODUCTION 2. EXPERIMENTAL

Mixed-valence lanthanum cobaltites of the type rov-\ll_r?ebyL?L'Jfg)dfgs%( geglc:?siti(ggilljjg gioa(norg l)thci(r:i};miz
La, h ttract h attention i t i :
8-, SKC00, have attracted much attention in recent year aAlO; substrate. The ceramic target used was prepared by a

due to thglr uhique .magne.tlc and transport propeh?es. standard solid-state reaction technique. A PLD system with
Study of this system is also important for understanding the

. : .~ an Nd-YAG laser operating at 1.06m was used to ablate
nature of colossal magnetoresistance in the related oxide . .
. . ) . . e target. The pulse energy was about 0.39 J with a repeti-
mixed-valence manganité4.For technical application, epi-

taxial fil f1h d il d. In that tion rate of 12 Hz and pulse duration of 10 ns. The film was
axial lims of these compounds are mainly used. In tha CasSeposited at a substrate temperaturé880=5)°C in an oxy-
the shape anisotropfdue to the demagnetizing effecnd

he fil b lattice i . ind ._gen atmosphere at a pressure of about 8 Pa. The film was
the film-substrate lattice interaction can Induce magnetizaz,jeq down to room temperature after deposition at an oxy-

tion anisotropy and, therefore, magnetoresistaif®) an- e pressure about 1Ba. The target and film were charac-
isotropy (bulk samples of these compounds show no marke‘?erized by an x-ray diffractioiXRD) study.

magnetic or MR anisotropy This point has been studied The film resistance was measured as a function of tem-
rather intensively in manganite filmsee Ref. 5 and refer- perature and magnetic field (up to 20 kOg using a stan-
ences therein Hardly any studies of this type can be found gard four-point technique. The field was applied parallel or
in the literature for cobaltites. In addition, the properties ofperpendicular to the film plane. In both cases it was perpen-
mixed-valence cobaltites are influenced by their UnaVOidablgicular to the transport current. The magnetizatMn\Nas
magnetic inhomogeneity, which arises due to different exmeasured in a Faraday-type magnetometer. A rotating elec-
trinsic and intrinsic causes. The extrinsic ones are detert'romagnet made it possib|e to measure the magnetization for
mined by various technological factors in the sample prepadifferent directions oH relative to the plane of the film.
ration. They can cause inhomogeneity in chemical
composition (for example in oxygen concentratipror in
crystal structure(polycrystalline or granular samplesThe

intrinsic sources of inhomogeneity are believed to arise for  \we have found a strong anisotropy in magnetic and mag-
thermodynamic reasons and can lead to phase separation iffgtoresistive properties of the film studied. The anisotropy
two phases with different concentrations of the charge carrimanifests itself as dramatic differences in those properties
ers and, therefore, to significant magnetic inhomogenéify. for magnetic fields applied parallel and perpendicular to the
In this article we present a study of ads3rsCo0;—; film  film plane. Consider at first the anisotropy of the magnetic
which demonstrates a combined influence of the magnetigroperties. The magnetization curves for the fields parallel
anisotropy and inhomogeneity on its transport, magnetoresigH,) and perpendicularH{, ) to the film plane demonstrate a
tive, and magnetic properties. Indications of the temperaturestrong anisotropyFig. 1). At the maximum field applied7
driven spin reorientation transition from an out-of-plane or-kOe), the magnetization seems to be rather close to satura-
dered state at low temperatures to an in-plane ordered statetan for the in-plane field orientation, but it is far from it for
high temperatures as a result of competition between ththe out-of-plane one. It is reasonable to suppose that this is
aforementioned anisotropy sources are found. determined mainly by the shape anisotropy.

3. RESULTS AND DISCUSSION

1063-777X/2003/29(7)/5/$24.00 566 © 2003 American Institute of Physics
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FIG. 1. Magnetization curves of the film studied for fields parali¢|)(and @ 5
perpendicular i) to the film plane. =
20
E’O
The temperature dependence of the film magnetization lg St
for the field directions parallel\] ;) and perpendicular\] | ) =10}
to the film plane is shown in Fig. 2. The Curie temperature 5L . ) . ,
Tc is found to be about 250 K. The (T) behavior is quite 0 90 180 270 360
common for ferromagnetiFM) metals: it saturates with de- 6, deg

creasing temperature. The behaviohf (T) is quite differ-
ent from that ofM(T). At the fairly high field used, 2 kOe,

FIG. 3. Panela) presents the dependence of the magnetization on the angle
6 between the magnetic field and the film plat@ H=2 kOe andT

the MJ_(T)_ curve is found to be well below th(T) CUIVE.  —77.3K). The thermomagnetic prehistory is described in the caption to Fig.
Besides, in the low-temperature range e (T) curve is 2. The curvesv,,(6) andM g, 6) were recorded with a stepwise rotation
nonmonotonigFig. 2). of the field from 0° to 360° and back to 0°, respectively. A considerable

hysteresis effect can be seen. The angular dependence of the difference

Figure 2 actually presents thd(T) behavior only for betweenM ,(6) andM g, ) in panel(b) reveals this effect more clearly.

two values of the angl# between the field and the film
plane: =0° and #=90°. It is helpful to consider the whole
curves of the angle dependence of the magnetization, prés, for the in-plane field orientations. The magnitude of the
sented in Fig. 3a. Here the curvés,(6) and Mgo.(6)  magnetization at#~180° is less than those &~0° and
were recorded with the field rotated in steps from 0° to 360°360°. This is determined by the shape of the magnetization
and back to 0°, respectively. It can be seen that the magngeop and by the thermomagnetic prehistory of the sample.
tization takes maximum values &=0°, 180°, and 360°, that The minimum magnetization values are found, as expected,
at #~90° and 270°, that is, for the out-of-plane field orien-
tations.

A considerable hysteresis effect in thé(6#) curves is
seen(Fig. 33. To present the effect more clearly, the angular
dependence of the difference between thg(6) and
M gowr( ) is shown in Fig. 3b. The functiod(6) =M ()
—Mgowr(#) can be taken as some measure of the angular
hysteresis effect. It is seen that ttied) dependence is close
to a periodic one with a period equal to 180°. It takes zero
value at the angles which are multiples of 90°, corresponding
to both the in-plane and out-of-plane directions of magnetic
field (Fig. 3b. The extreme values a(§) are situated at
some intermediate angles, which are, however, closer to the
out-of-plane directions than to the in-plane ones.

As indicated above, the magnetization anisotropy in the
film studied should be determined mainly by the shape an-
100 200 300 isotropy. Closer inspection shows, however, thathe(T)

T.K behavior cannot be attributed solely to the shape-anisotropy
FIG. 2. Temperature dependences of the magnetization of the fim studie@ffect: M, (T) and M(T) are practically equal in a rather
for the magnetic field =2 kOe) applied paralleIN],) and perpendicular  broad temperature range just bel@yw, then(going to lower
(M) to the film plane. The thermomagnetic prehistory: the sample wagemperaturethe M | (T) curve rather abruptly goes well be-

cooled down to liquid nitrogen temperatufes=77.3 K, in a field close to : :
zero, and then the field was increased to 7 kOe and lowered to Zde®@e low the M”(T) curve and becomes nonmonotonic, with a

Fig. 1). After that the dependences were recorded at that field with thdPronounced increase M, (T) at low temperatureé:.ig._ 2.
temperature increasing. TheseM | (T) features can be caused by the strain-induced

=]

5
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o
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FIG. 4. Temperature dependence of the film resistivity. FIG. 5. Temperature dependence of the magnetoresistahtze 20 kOe for
fields parallel H,) and perpendicularH, ) to the film plane. In both cases
the fields were perpendicular to the transport current. The solid lines present
magnetic anisotropy due to lattice mismatch between th@& B-spline fitting.
film and the substrate. This guess is supported by our XRD

study, which has revealed that the film has an out-of-plane ) o
tensile strain. For materials with positive magnetostriction'€fl€cts the circumstance that the magnetization increases

this must favor an out-of-plane easy magnetization. Addi-MOre easily in a magnetic field parallel to the film plane, as

tional corroborations of this suggestion have been found i@ indeed been found in this stutkigs. 1, 2, and B

the MR properties of the film, described below. _In polycrystalline samplesbeside an intrinsic MR,
Now turn to the transport properties of the film. The Which depends on magnetic order inside the gjeansignifi--

temperature dependence of the resistii§T), is found to cant cpntnbut!on to the MR comes from grain boundaries,

be nonmonotonic with a maximum it~ 250 K and a mini- and this contribution increases with decreasing temperature.

mum atT~107 K (Fig. 4). Lay :St,£C00;_ 5 samples with Discussion of the pos_sible mechanisms for _this extrinsic type

fairly perfect crystalline structure and close to zero are ©f MR can be found in Refs. 10-13. The film studied does

knowr? to be metallic ¢lp/dT>0) in the whole range below indeed show a continuous increase in MR with decreasing
and aboveT .. Thep(T) behavior in Fig. 4 reflects an inho- t€mperaturdfor temperatures well belodc) (Fig. 5. This
mogeneous structure of the film and some oxygen deficienci€havior is expected for polycrystalline FM samples with

- - 10,11
Due to the last factor, the hole concentration is less than thBOOT €nough intergrain CO”dUCt'V'& In contrast, for co-
nominal one(at 6=0). This is responsible for a resistance Paltite and manganite samples with fairly good crystal per-

peak at T=250K, which is commoh for low-doped fection and even for polycrystalline samples of these materi-
La, ,Sr,Co0; with 0.2<x=<0.3. The low-temperature resis- &/S Put with a good intergrain connectivit)‘:, the MR goes

tance minimum is typical for systems of FM regioftsains nearly to zero Wlth.decreasmg te_mperatt%. It should pe

or clusters with rather weak interconnections. For example, Mentioned that grain boundaries in FM oxides are regions of

it has been frequently seen in polycrystalline mangarites. perturbation of the structural and magnetic orders, and,

The inhomogeneous structure can be determined by techno-
logical factors of sample preparatigoausing a polycrystal-

line structure with rather high tunneling barriers between the 30

graing or by phase separation into hole-rich and hole-poor

phases:? The conductivity of inhomogeneous systems of /
this type is determined by the intragrain conductivity and the 25

tunneling of charge carriers through the boundaries between
the grains. A competition between these two contributions
can lead to a resistance minim#mFor an extended discus-
sion of the most obvious reasons for the appearance of the
resistance minimum in polycrystalline cobaltites see Ref. 6.

AR(H )/AR(H))
N
o

The MR in the film studied is found to be anisotropic. 1.5 H;=H, = 20kOe "
The absolute values of negative MR in fields parallel to the
film plane are considerably above those in perpendicular
fields (Fig. 5. The temperature behavior of the ratio between 1.0 , , .
the in-plane and out-of-plane MRs is shown in Fig. 6. It is 0 100 200 300

seen from Figs. 5 and 6 that this MR anisotropy takes place T, K

Only in the FM St_ate and dlsappears_ ﬂjp_TC' Since Fhe FIG. 6. Temperature dependence of the ratio of magnetoresistances for
conductivity of m'xed'valence. cobaltites |_ncrease§ W'.th €Nields parallel H,) and perpendicularH,) to the film plane. The fields
hancement of the magnetispin order, this behavior just were equal to 20 kOe.
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FIG. 7. Magnetoresistive hysteresisTat 78 K for fields parallel to the film  FIG. 8. Temperature dependence of characteristic fi¢ld, at which resis-

plane and perpendicular to the transport current. tance peaks in the magnetoresistive hysteresis cuiivigs 7), for fields
parallel ;) and perpendicularH{,) to the film plane. The fieltH,, corre-
sponds to the coercive forcéi() in the magnetization loops.

therefore, induce a magnetic inhomomogeneity as well.
These boundarie@nd, maybe, other sources of inhomoge-

neity, e.g., phase separatjaran cause the significant angular . . . .
hys%/eregis peffect foEnd in this studyig. g)' since thgey peratureqFig. 2) and decrease in the ratio be_tween the in-
hinder the motion of FM domains upon rotation of the mag_plane ?n;:ih_out—of-plart\_e MF;S" btt:]IoWw 80K .(';'.g' :.3) alsof
netic field. It is noteworthy, however, that the hysteresis ef->UPPOr IS suggestion. ese are Indications ol a

fect is minimal at the angles corresponding to both the in_temperature—drlven spin reorientation transition which can be

plane and out-of-plane directions of the magnetic field. Indetermined by competition between the shape anisotropy and

summary, the behavior of the resistivity, MR, and magneti—f[he strain-induced anisotropy. This transition has been stud-
ed rather intensivelytheoretically and experimentajlyfor

zation of the film corresponds to that of a system of Weakl)/_ 6
connected grains. films of common FM metal$* but has never been men-

The data presented in Fig. 5 correspond to negative M ioned for cobaltite films. It should be noted, however, that

for fairly high fields. In general, the MR curves are hystereticiaioléegﬁil g?i(latlrsathhkiﬁ tmhg;ﬁe?;cclz‘;ﬁrf;@;i:q% ?oﬁﬁa?pp“-
and have specific features in the low-field rangég. 7). i L . i
ve spectl ures | o 7 er9, whereas the film studied is much thicker and rather

Symmetric hysteresis curves, like that in Fig. 7, were ob-. dered. C tv. th . ientation t ition i
tained for the film after some number of repeated sweep Isoraered. -onsequently, the spin reonentation transition in
the film studied can have a different nature than those pro-

between the chosen maximugpositive and negativyefield d for ultrathin fil
magnitudes. For the first sweeps, the hysteresis curves WePé)S‘I3 or UI rathin |m§. led and i tiaated
some-what asymmetric. Actually, their behavior correlates h conclusion, we have revealed and investigated mag-

with that of magnetization loopS.In particular, the fielH ~ 1€U¢ and  magneforesistance  anisotfopy in  a

=H, at which the resistance peakiSig. 7) corresponds to L8o,5510.5C00; 5 film. Among other things, we found indi-

the Q/alue of the coercive forcH .. The value ofH. de- cations of a temperature-driven spin reorientation transition
c* p

creases with increasing temperature and goes to zero on a'B— the film studied: at low temperature, the magnetization

proachingTe. The magnitude of positive MR in the low- vector tends to be perpendicular to the film plane, but with
field rangeC.AR(H )=[R(H,)—R(0)]/R(0), is some increasing temperature the magnetization vector goes en-
L p p 1

measure of the remanent magnetization. tirely to the in-plane direction.

We found thatH, and AR(H,) depend on the field di-
rection and in this way reflect the magnetization anisotropy,
The temperature dependencesgffor the in-plane and out- ~ E-mail: belevisev@ilt kharkov.ua
of-plane directions of magnetic field are shown in Fig. 8. It is
seen that af=4.2K the value ofH in the out-of-plane
field is less than that in the in-plane field, buflat 78 K and
higher temperatures the opposite relation is true. For highl'\i-ggoh. . Natori, S. Kubota, and K. Motoya, J. Phys. Soc. J%#).1486
enoug.h tempera}tureT(>TC) the Hy, values go to zero for 2E\/I.A.‘D.Senaris-Rodriguez and J. B. Goodenough, J. Solid State Chi8n.
both field directions. TheAR(H;) values are found to be 3531995
higher for the out-of-plane field direction as compared with 33. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phyd8, 167
the in-plane one af=4.2K. At T=78 K andT=200K, the A(El9sg-otto T Hotta, and A. Moreo, Phys. R4 1 (2001
opposite relation holds true. Al thl? |m'pI|e.s that at low tem- 5B: J. Igelevise.v, V. B.’ KraSO\./itsky, D’. G.yNéugIe,. K D. D. Féathnayaka, A.
peratures the out-of-plane magnetization is favored, whereasparasiris, s. R. Surthi, R. K. Pandey, and M. A. Rom, Phys. Status Solidi
for higher temperatures the in-plane magnetization becomes188 1187(2002.

dominant. The pronounced increaseNh (T) at low tem-
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A spin liquid concept for the Heisenberg Hamiltonigpin s=1/2) with antiferromagnetic

exchange interactions between nearest neighbors is developed. The spin liquid is described by the
Green'’s function method in the framework of a second-order theory. Equations are presented

for the self-consistent calculation of the parameters of the system and its thermodynamic
properties at all temperatures. A description of the spin system in the sc and bcc lattices is proposed
wherein it is treated as a spatially homogeneous spin liquid with a condensate and with a

singlet ground state. It is shown that the modulus of the “staggered” magnetization is expressed
uniquely in terms of a condensate at a boundary point of the Brillouin zone and is the long-

range order parameter. The existence region in temprature of the ordered state of the spin liquid
with a condensateT(<T,) is wider than the existence region of the two-sublattice
antiferromagnetismT,<T,, whereTy, is the Nel temperaturg while the energy is lower. For

T>T, the system passes into an ordinary spin liquid state20©3 American Institute of

Physics. [DOI: 10.1063/1.1596582

1. MARSHALL EQUATION AND ANTIFERROMAGNETISM £0=0.25-In 2=—0.4431 (in units of the exchangeIn a

The rigorous theoretical description of antiferromagnetic:Square latticeq=2) it is only for T=0 that a two-sublattice

(AF) ordering still remains an open problem after more tharfo": state can be constru'cted and its enesgy calcu]ated I%T
half a century of history. The intensive discussion of thel® framework of the spin-wave theory. In a previous paper

necessary and sufficient conditions for the onset of longPy the author it was shown on the basis of the spin liquid

range AF order in a crystal has been going on for almost 56°NCept that the ground state of a Hamiltonian spin system

years since a description was given in the framework oPn @ square lattice is a singlet state with an energy

mean (moleculay field theory and a quantum spin-wave £0<&af, ViZ., go=—0.352.

theory of antiferromagnetism was developed. The ground-  Discussion of the problem of long-range AF order cen-

work for this problem was laid in Ref. 1. ters mainly on three-dimensional systems and consists in the
The fundamental questions of the theory of antiferro-following.

magnetism are discussed, as a rule, on the basis of the iso- On the one hand, there is the traditional approach to the

tropic Heisenberg modebk( 1/2) with antiferromagnetic ex- description of antiferromagnetism. In alternant lattitdsc

change interactions between nearest neighbors. Thand bcc and also the square lattice and the linear ghaain

Hamiltonian of the system “checkerboard” arrangement of spins is possible which can
1 be described by the Te¢ wave vector|AF) (an antiferro-
H=2-JD SSia, S=0 & (1)  magnet with two mirror sublatticed and B). It is known
2% f that such a function is an eigenfunction only for the operator

is specified on an ideal lattice of dimensionaldy=1,2,3 S° With a total spin projectiors*= S+ Sg=0, but it is not
with periodic boundary conditions is the number of sites, an eigenfunction for the Hamiltonian nor for the operegér
f are the coordinates of the site3>0 are the exchange This means that the antiferromagnetic state is a state with an
integrals between nearest neighbarss the number of near- indeterminate degeneratyiowever, the use of the approxi-
est neighborsA are vectors connecting nearest neighborsmate Nel function|AF), in which the sublattices are fixed
S=(s".s .<) is the spin operator at sifeandSis the total ~ and long-range AF order is postulated, has its indisputable
spin operator. One of the main problems is to describe th@dvantages, since it permits calculation of the excitation
long-range antiferromagnetic order. The properties of thépectrum, the energy of the AF state with allowance for
system depend substantially on its dimensionality and geontransverse quantum sgin fluctuations, the sublattice magneti-
etry. zation's(T), and the Nel temperatureTy,. The theory is
According to the Merman—Wegner theorésee Ref. 2, approximate and is valid only in the magnetically ordered
long-range magnetic order in one- and two-dimensional sysphase forT<Ty.
tems (in the case of short-range exchange interacjiass On the other hand, Marshal(see Ref. 1 has stated a
absent at any finite temperatufe: 0. For a linear chaind ~ theoremic assertion that the ground state of Hamiltoian
=1) there is an exact solution due to Hultifethe ground  with AF exchange interactiond between nearest neighbors
state is a nondegenerate singl8&0) with energy per bond on alternant lattices is a nondegenerate singlet ®i#0. It

1063-777X/2003/29(7)/8/$24.00 571 © 2003 American Institute of Physics
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TABLE I. Main characteristics of a spin system with an antiferromagnetic (sublattice B, sites 8); for nearest neighbora+A=p4, B
gxchange bond between nearest neighbors. +A’=a’. It is convenient to go over to a dimensionless

Lattice Singlet (SL and SLC) AF Hamiltonian_h= H/_zJ; then a_II the energy parameters will be
type — measured in units ofzJ, including the temperaturer
leo|zecs| o] | Imol | w0 |leaF|| S® | 1N =T/zJ.
The spin-wave theory is based on linearized first-order
Square | 0.328 | 0.352 0 - 0335] 0.3 0

equationgthe Tyablikov decoupling

1 1
cot + + cot + +
is)=8[st+=> st .|, is,=—3[s;+=> siisl.
bec  |0.2892| 0.297 [ 0.452 | 0.224 | 0.287 | 0.448 | 0.181 “ ﬂ( « Z% ““) i <<B Z% B“)

Note ¢=(H)/(zNJ2) is the energy of the system at zero temperafire (2
units of the exchange per bonid the singlet(0) and antiferromagneti@A\F) where <SZ> __ <Sf3> =3 After Fourier transformation with

statesjmg| is the modulus of the “staggered” magnetizationTat O; §(0) . . .
is the AF order parametésublattice magnetizatiorat T=0; 7,=T,/zJis respect to the sublattices in the standard way, we find the

the temperature at whidm| vanishes;r, =Ty, /zJ is the Neel temperature. ~ Green’s functions

sC 0.3007 | 0.312 | 0.434 | 0.213 | 0.296 | 0.432 | 0.163

N B 2s(w+s)
: : . {(Sa(DISa(—DNo="T7a
has beenrigorously proven only for the one-dimensional D(q,w)
chain, while ford=2 and 3 dimensions there are enormous 252y
mathematical difficulties in constructing an exact singlet  ((Sx(q)|Sg(—Q))),= 1 (3)
function, since the number of partial singlet functions con- D(q,0)
tained in it and comprising the total set of states is factoriallywhere
large inN. The absence of an exact singlet state makes it 2 2 _ L
impossible to directly verify Marshall’s assertion, which has D(q,0)=0"= 0y, Qq=syl-yg=seq,
a natural quantum mechanical basis. Indeed, Hamiltoflign 1 A
commutes with any component of the total spin oper&or yq=—2 gas, (4)

o : : : z4
and its eigenfunctions are therefore eigenfunctions of the op- A

eratorsS* and S?, while the eigenvalueE(S) are classified We calculate the Fourier transforms of the correlation func-
according to the value of the total sgB(0<S<N/2). Ac-  tions (S, (q)Sx(—0)) and (Sx(q)Sz(—q)) according to
cording to Marshall, mifE(S}=E(0) corresponds to a sin- the spectral theorem and then, using the sum (gJes; )
glet ground state witft5=0. Marshall constructed an ap- =(1/2)+5s, we obtain an equation for calculating the order
proximate singlet wave function and used a variationalparameter:
method to calculate the energy, in alternant latticegsee

Table ). A comparison of the energies, (according to Mar- S(r)= E I(7)= EE icotl—(a T)SQ) _ (5)

shal) and e 5r shows that these energies are very close, but I(7) N“q eq 27

in the context of the approximations ma@ehich are, gen- It follows from (5) that for 7=0

erally speaking, differemt it is impossible to conclusively

decide the type of ground state. 50)= 172 | =£E 1 ®
The question arises: Can these two approaches be recon- l,” N T &q

ciled theoretically? Below, on the basis of the spin liquid qf <.0. wh —T./23is the Nel t
concept developed by the author, a theoretical version of th&" tor T_’TNh’ S—U, Wherery=In/zJ1s Ihe el tem-
description of the properties of the spin system in sc and pcperature, we have

lattices is proposed which is valid at all temperatures. It 1/4 1 1
should be noted that the spin liquiSL) concept has a rather TN:tv IZZN% 22 (7)
q

wide domain of applicability. In addition to two-dimensional _ _ _ _
systems, in the fcc lattice, because of frustration of the exThe energy of the antiferromagn@t units ofJ per bond is
changel bonds and the presence of transverse quantum spidual to
fluctuations, the AF state is absent at all temperatures, and

; e : ; (H)
the system is a spin liquid with a singlet ground sfaltethis eap(7)= 122N
paper it is shown that in the sc and bcc lattices the ground (1/2)zN-

state is a singletin accordance with Marshajlbut for T 1 V2 S(r)e

<T, the system nevertheless has long-range order, which is ~—|8%(7)+s(7) NE 8—qco h2—7_q . (8
described by the modulus of the “staggered magnetization.” 4 ~a

For T>T, the system is found in an ordinary SL state. For three-dimensional alternant lattices we obtain the follow-

The results of the spin-wave theory and the main equaing numerical resultsthe sums over the first Brillouin zone
tions of the spin liquid theory are briefly set forth below in are replaced by integrals with the densities of states given in
the framework of a unified Green’s function method. the Appendix:

sc (z=6):e5p(0)=—0.297,5(0)=0.432.
2. SPIN-WAVE THEORY OF ANTIFERROMAGNETISM

=0.163;
On alternant lattices a “checkerboard” distribution is N

possible, with spins “up’(sublatticeA, sitesa) and “down” bce (z=8):epr(0)=—0.287,5(0) =0.448. (9
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y=0.181. Second-order equations and their linearization

The spin liquid theory is based on equations not lower
3. QUANTUM SPIN LIQUID than second order, sings’)=0 and the first-order equa-
tions cannot be linearize@s is done in spin-wave thegry

Let us consider a spin system with the Hamilton{an The exact equations of motion have the forin~1)

in a lattice of arbitrary dimensionality and geometry. We de-
fine aspin liquidas a system which is, on average, spatially 1
uniform, with no breaking of the spin symmetry, and in i$f+=EE (SFS{-a—Sf+aSt ),
which the spin correlation functions are isotropic, :

1 1 1 1 o, 1 P
N2 (S8 = g 2 (H5en) = g 2 (Sist)= 7K, = % (S SraTSias =M, (19
(10
. _ . 9%
and depend only on the modulus of the distanegr|, with iMf:W: ﬁ%“ (S?—s%, )+ Ry, (16)

Ko=1 (the sum rulg the average values for any component
of a site spin and for any component of the total spin operag e
tor are equal to zero:

ay _ ay _ - 1 - -
(si)=0, (§9=0, a=xyzor+,—,z (11) Ri=22 Z, [SS(s St ar  (Sfra—ar ~Sea/)St Siia
and the average value of a product of spin operators on an aza
odd number ofifferentsites is zero: _SfZ+ASf+Sf_+A—A’]' (17)

a B _
(si'smsp)=0, f#m#n, ... (12) Performing the linearization of the operat®y according to

Here and below the symbdl..) denotes a thermodynamic the scheme

average at a temperature=T/zJ and over the ground state 1

wave function forr=0. Zot o~ o2 tomy— 2

S:Sh Sm™~St & n-ml{Sp Sm) = 5 ¥n-mKjn- ,

The whole set of properties of the spin liquid—the 7Sn Sm ™ S{tjn-m(Sn Sm) 2 “n=miBin i

ground state, excitation spectrum, and thermodynamics—

must be described on the basis of Hamiltonfanand pos-

tulates (10)—(12). It should be noted that postula{é?) is Wherea‘n_ml are parameters which correct the decoupling,

newly introduced by the author; its consequences will b&gor Fourier transformation we obtain the Green's function
demonstrated below. Later it will be shown that the groundy¢ e jinear second-order theory in the form

state is the singlet state with total si8s 0, which is equiva-
lent to (S?),_,=0. Aq 1

The properties of the SL state are determined mainly by ~ G(d.@)=—5—53, Aq=5 (1= 7g),
the spatial and temperature dependence of the spin correla- a

f#£n#m, (18)

tion functionsK, (7). The energy of the SL state per bond in 1 _
units of J is given by mf;% gas, (19
= (H) = 3 K 13
e=2,NI . aky (13)  Here
whereK|, = —K; (K;>0) is the correlator between nearest 2_\201_ ' 2_ aiKy
neighbors. For description of the SL state we go over to the Q=N A= yg)[eminl + vg* ). X 2 (20

Fourier transforms of the spin operators and introduce the . ] .
Fourier transform of the correlation function where a4 is a correction factor for the nearest neighbors,

£min IS the lower boundary of the spectruyy, and the pa-
rameters is a complicated construction of correlators in the
first, second, etc. coordination zones, multiplied by the cor-
responding correction factors. The paramefeahereby re-
—2(s*(q)s (- q)), Krziz 9K (q) (14) er_cts the effective correlatiqns in the “gxpande_d_” cluste_r and

N “g will be calculated self-consistently lat@ts explicit form is
unimportant. The spectral intensity of the Green’s function
,S(19) is equal to

K<q>=2 e 1K, = 4(sH(q)s*(—q))

with the obvious properti(q) =K(—q). To calculate(q)
we use the method of two-time temperature Green
functions! Because of the isotropicity of the correlators it is go!T

sufficient to calculate the retarded commutator Green's func-  J(q,;7)= Gr—7 Z—(Sq[ﬁ(w—ﬂq)— d(w+Q4)],
tion

(sH@)s*(—a))),=G(q, w). 2=0. (21)

where o is a dimensionless spectral variable in terms ofAccording to the spectral theorem we obtain for the single-
which K(q) is found according to the spectral theorem. time average
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., B (" _ correlatorsK; andK,y; [Eq. (23)], and the requirement of an
(s{a)s’(—q)= K@= f,mJ(q’w'T)dw exact value of the second moment, which leads to(E@).
This equation plays a fundamental role in the SL theory and
=A—cotr< Qq) its further generalizations.
20, 27 The sums over the Brillouin zone fdy, and P are re-

placed by integrals with a density of stat®ée) correspond-
ing to a dispersion relatio,=&. An approximation for the
density of state® (&) is given in the Appendix. Combining
Egs.(25 and(27), we obtain a system of three equations for
the self-consistent calculation of the parameters of the SL:

or

K(q)=— Ka17 7qcot!—<)\Eq(§)

N E4(6) 27
Expression(22) attests to the fact that the proposed version

of the SL theory contains three unknown parameters which =1, (a),
are functions of temperaturé<,(7)—the modulus of the

), Q=M\Eq(). (22

correlator between nearest neighboré;)—the “stiffness” Ki=li/lo (b), (29)
parameter of the excitation spectrum, ang(7)—the B l,+14/z
“pseudogap” in the spectrum. They must all be calculated 213 ©).
self-consistently in accordance with three equati@ee be-
low); here 6=46(7)=0, as is necessary for the condition Here
04=0 or E4(6)=0.
B . 1-e E(e,0)

Self-consistency equations In(é’t)_f D(e)(~e) E(e,0) COtr( 2t )ds'

Three parameters must be calculated self-consistently: E(e,d)
K1, \, andé. Using the definition(14) of the spatial correla- p(g,t):f D(S)(l—s)E(8,5)COtI'< ’ )dg_
torsK,, we obtain the system of equations 2t

1 K = — .
Kozlzﬁg K(Q):Tﬂo(&ﬁ)a E(e,8)=V(1—&)(|emnl +&+ ).
emn=e<1, t=7/\. (29

2( YK(a)=~11(3,7),

We now show that theground state is a singletotal
(23)  spinS=0). We introduce the functiotthe average per spin

Ktot:NE (79)?K(q) of the square of the total spin of the system
(= (= S =2 g S
AEA, K\A+A'|— 12(6,7), S(T)=N<S>—me (SiSm) = =N 4 StSt, r
here 3 3
" =2 K=2K(0), (30
44 4

Z1- NEq(S
(8,7)= Z( Al otr( Z‘ﬁ)),

Eq(9) which is expressed in terms of the Fourier transform of the
n=0,12. (24) correlation function22) for g=0. For 7=0 it follows from
(22) that K(0)=0 and S*(0)=0, which proves that the
From EQs.(23) we obtain the formal solutiofwe omit the ground state is a singlet. On the other hand, expreg&ion

arguments of the functions can be considered as the limit
)\le, Klzllllo, KtOIZIZIIO’ a1=2|0|1. (25) — )\E (5)
The equation for the parametéarises from the require- K(0)=limK(q)=~~ —lim (5; COI”( qu )
ment of an exact value of the second momén? and has 4—0 a—0Fq
the form 47

- (3D

1 K AK (& minl + Yo+ )

M2:§(Kt0t+ 71): 41P(5), 1 | m|n| Yo
Hence forr—0 we obtainK(0)=0 (single} as before, but

1 Qg for 7=0 triplet excitations arise in the system, and because
P(d)= N% (1= 79)Eq Coth( ;)- (26)  of them S2(7) #0.
In Refs. 3 and 6 the thermodynamic properties of the SL
Using solution(25), we obtain in the square and fcc lattices were described at all tempera-
1,(8)+1,(8)/z tures on the basis of the theory set forth above and the self-
P(8)= T a%s) =6(7). (27)  consistency equation®8). It was shown there that the spa-

tial correlation functions are sign-varying, with a magnitude
Thus the self-consistent second-order linear theory is basetiat falls off with increasing distance, so that the SL contains
on satisfaction of the sum rulé,= 1, the definitions of the short-range order of the antiferromagnetic type.
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4. SPIN LIQUID WITH A “CONDENSATE” IN THE sc AND 1.0
bcc LATTICES

Alternant lattices can be regarded as two interposed sub-  0.8F
lattices A (sites @) and B (sites B), independently of the
existence of real magnetic sublattices. The Brillouin zone of 0.6k
these lattices contains a boundary po@itat which yo= ©
—1=em, and the spectrurq(s) = /28. These points are o

=(m ), Q=(m,m ), and Q=(2m,2m, 2m) for the o

square, sc, and bcc lattices, respectively. It follows from this
that 0.2+ Ty

expiQ-a)=1, exgiQ-B8)=—1. (32) 7

The functionS?(7) was considered aboyeee Eq(30)] 0 01' 042 o :,3 0'4 05
and it was shown tha$?(0)=0 (the ground state is a sin- : L =T/£J : :

glet) at 7=0; this is equivalent to the equation
FIG. 1. Temperature behavior of the condenglg and the gap parameter

K(0)= Er K,=0 (7=0). (33) (@) in the spin liquid in the sc lattice.
Taking relationg32) into account, we can writk(Q) in the
form case the spectru(e,0)= \/1— &2 becomes symmetric with
respect to inversion«+ — ¢, and the density of states has the
K(Q)= 2 e UK, = 2 IK,|. (34) same propertyD(¢)=D(—¢). When these symmetry prop-
r r

erties are taken into account, the integrals become

SinceK, is sign-varying, in Eq(33) there is complete com- 1 N
pensation of all the terms in the sum, while the value of |O(t)=J D(e) > cot 3 de.
K(Q) in (34) can be macroscopically large and proportional Vi t
to the volume of the systen(). o2 N
“Condensate” in the spin liquid |1(t):|2(t):f D(e) \/—COt 2t ) de,
Under this assumption we writ€, in the form
Pt—le = oot 22 g 3
- z 97K (q) + 82T (Q) ()= N (&) g“co n & (37)
(q#Q) (the functionP(t) does not contain a “condensate” term
K(Q) _ ﬁc a5 Now relations(36) are written in the form
N N K1 K1
) _ ) 1:T(|0+C), K1:Kt0t:T(ll+C)i (39
whereC is a “condensate(a function of temperatujavhich
is unknowna priori. Then and the self-consistency equati¢27) assumes the simple
1 K, form
Ko=1=1 2 K(@)++-C, i1
q
@*Q) P(11+C)=—_. (39
Klzi > (- Yo K(Q)+ ﬁc, (36 From the numerical solution of the system of equations
N 3o A (39—(39) at 7=0 we obtain
A=0.645, K;=0.416, ¢y=—0.312, C=0.389 (s0).
Kom s > Y2K(g)+ Kig
ey & YetlAT ATt \=0.607, K,=0.396, £,= —0.297,
(9#Q)

In relations(36) we go from summation to integration with a C=0.4185 (bcg. (40
density of state® (e). We take into account the following It follows from the result€40) that the energy of the singlet
circumstances. First, the lower limit of integratifibecause state in the presence of the condensate is lower than the
of the restrictiong# Q) is equal to— 1+, where{ is an  energy of the AF statésee Table)l This proves Marshall's
infinitesimal quantity {— +0). In the sc and bcc lattices the assertion that the ground state of the spin system on alternant
density of state® (&) goes to zero in a square-root manner lattices is a singlet.

at the boundaries of the spectrum. For this reason the value Figure 1 shows the result of a calculation of the tempera-
of £ can be simply set equal to zefthis is the same situation ture behavior of the condensate in the sc lattice. This func-
as in the description of Bose condensation in a threetion goes to zero at a temperatutg=0.213, which is higher
dimensional gas Second, in the presence of the “conden-than the Nel temperaturery=0.163 of the sc lattice. Thus
sate”C we assumeS=0 in the expression foK(q). In that  the temperature region in which the spin liquid with the con-
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“Staggered” magnetization, the “condensate,” and long-
range order

o

To explain the physical meaning of the “condensate,” let
us consider the square of the “staggered” magnetization

-0.05]
£ -0.10 . .. a.
€ (SM), which by definitioff is equal to
g-0.15 1 . 2\ 1 1
é m2:<(ﬁ2 e'Q'fSr) >:NE e'Q'rNE (S +1)
®-0.20 f r f
w 1 3 3K(Q) 3K,
- [ QIr_K —— < =
0.25 NZé K=7 8 —2xC (41)
-0.30 where we have used the relatio®Z =1 and definition(35).
0 Ty 0'.2 014 0.l6 0.l8 7.0 It follows from (41) that the modulus of the SM is equal to

t=T/zd V3 [Ky(7)
Im(7)[= NG

FIG. 2. Energy of the antiferromagnetic st4®) calculated according to
spin-wave theory forr<ry, and the energy of the spin liquid in the sc

lattice (M), or, when relationg38) are taken into account,

| |—§ LT) 42)
M= 5 N (h+ci (

his function is compared with the order paramesgr) in

densate exists is wider than the existence region of the A he AF state in Fig. 3: we note that

state, and the energy in this statg <epag. For =19 a
pseudogap begins to be “seeded” in the spectrum. To cal- |m(0)|=0.434,5(0)=0.432 in sc,
culate it we use the same universal self-consistency equation _ _ .

(280). The result is presented in Fig. 1. There is actually a Im(0)]=0.452,'5(0)=0.448 in bec.

phase transition Thus the modulus of the “staggered” magnetization
is the order parameter in the quantum spin liquid for the sc
SLC(6=0, C#0)=SL(5+0, C=0), and bcc lattice$.

and the properties of the system can be described at all tem-
peratures. Figures 2 and 3 show the temperature behavior of
the main parameters of the system. For comparison, the eh?"9-range order

ergy of the AF state(according to spin-wgve theoryis The presence of long-range order is detected from the
shown in Fig. 2; it has a finite value at the &lepoint, but  behavior of the spatial correlation functions rat>o (the
above it the spin-wave theory is inapplicable. thermodynamic limitN—o0, V—oo, N/V=const is under-

stood; actually it is necessary to setN equal to the
maximum linear dimension of the system and then take the
limit N—x). For sign-varying correlation functions the
long-range order is defined as a nonzero limit

05

3 3

COO:”m|<sfsf+r>|:Z“m|Kr|:Z|Km|- (43
r—o0 r—o

Thus it is necessary to calculaéte according to formul&35)

for large values of . In the sum(integra) overq, as before,

the main contribution comes from the vicinity of the point

g=Q (although the pointQ itself is excludedl We setq

=Q+p and perform the expansiony, o=—7y,~—-1

+ p?/z; in addition, we formally drop the parameté&in the

spectrum. Then

K[ 1 2z
: K ~dQr—t _gf d3pelp'rL
T N | (2m) Vp2+K?
1 1 1 > 1 5
0 005 010 0.5 1y 0.20 T XCO&(\E_W ‘e 4
t=T/2J 2 2t !

2: = 1
FIG. 3. Order parameters( 7) is the relative magnetization of the sublattice where «“=z5 and t=7/) (We r_10te that the qurelatlon
in the AF state(®), and|m(7)| is the modulus of the “staggered” magne- length§=1/k). In the approximation cotk~1/x the integral

tization in the spin liquid with the condensa#) in the sc lattice. in (44) reduces to the form
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1 . gapr 1 exp(—«r) ground state in alternant lattices is a singlet, while preserving
2t2(2w)3 f d°p 02+ K2 ~nzg (45 the presence of long-range magnetic order of the AF type.
The main results of this paper are as follows:
which is well known in the Ornstein—Zernike theory. It fol- 1. A definition of a spin liquid was given in the form of

lows from (45) that this integral goes to zero at large dis- expressiong10)—(12) for an isotropic Heisenberg Hamil-
tances(even in the casé=«=0), so that the long-range tonian. Postulaté12) was introduced here for the first time;

order is due to the “condensate” term, i.e., it plays an important role in the construction of the self-
K,y 3 consistent and internally closed theory of the SL.
|K.|= TC or COO:Z|Kw|=m2. (46) 2. The SL is described in the framework of a second-

order theory by the Green’s function method. In comparison
with spin-wave theory(which contains only one order pa-
rameter §(T)) which is unknownra priori), in the SL theory

In the general theory of inelastic neutron scatteisge, there are three parameteks—the “stiffness” of the excita-
e.g., Ref. 7 the expression for the differential cross sectiontion spectrumK;—the modulus of the spin correlator in the

Neutron scattering

for scattering contains the function first coordination zone(between nearest neighbirsand
5—the pseudogap in the spectrythey are all functions of
AN D=2 (8up—e.ea)(S{(0)SF, (1), (47)  temperaturk
ap 3. A system of equation@7) was proposed for the self-

where e=g/qg, with g the neutron scattering vector. In a consistent calculation of these parameters. As a result of the
magnetically ordered stat& or AP), using the principle of Solution of this systeninumerical and partly analyticabne
decay of correlations at large distances, one performs a déa&n describe the thermodynamics of the SL at all

,6,10
coupling of the correlation function: temperatures .
4. It was proved that the ground state of the SL is a
a B @ B Z\2_"g2
(1St )~ (Sf (St ) (sf) =57, singlet state.

which reduces to the square of the order parameter. In the ©- A theoretical version of the description of a spin sys-
spin liquid (s®)=0, and because of the isotropicity of the tem in sc and bcc lattices as a spin liquid with a condensate

correlation functiong10), expressior(47) assumes the form (SIF[C) was proposed. The theory leads to the following re-
sults:

—the ground state is a singléibtal spinS=0, which
corresponds to the rigorous quantum mechanical classifica-
It_ion of stateg the energy of the singlet state is lower than the
energy of the AF state calculated according to spin-wave

1
Asi(r,)=5K(), (48

i.e., it is expressed in terms of a time-dependent spatial co
relation function.

k ) . . gweory;

Thus inelastic neutron scattering experiments measur the t i q d ¢ th d ¢

the correlation function. The interpretation of the experimen-,_ € temperature dependence of the condensate was

: . found; it vanishes at a critical temperaturg
tal data requires a separate and careful analysis. N
q P y —it was shown that the modulus of the “staggered”

magnetizatiodm(7)| is expressed in terms of the condensate
C(7) and is the order parameter in the SLC; the existence
5. SUMMARY region of the ordered state of the SL of the condensate

. , . . is wider than that of the two-sublattice AF state, since
In this paper a theoretical version of the description of a

. . . . . . . To> TN -
spin system with an isotropic Heisenberg Hamiltonfapin Thus the spin system has been described at all tempera-

s=1/2, and an antiferromagnetic exchange only betwee?ures in the framework of the proposed theory

nearest neighborss a spin liquid with a singlet ground state This study was supported by the Russian Foundation for
was proposed. It was shown that in three-dimensional altetfy i Research. Grant 00-02-16110

nant lattices(sc and bcg at the boundary of the Brillouin

zone there exists a “condensate” of excitations which deter-

mines the presence of a long-range order close to antiferrgppenpix
magnetic in the system. The two statesglet and AF are

very similar (as was noted previously by Anderspn Approximation of the density of states for the dispersion
First, the excitation spectra are identical: relationy,=1/z% A€94, whereA are the vectors connecting
_ the nearest neighbofthe isoenergy surface= vy, ; the lat-
— 2 _ 2 _ q
(Qg)ar=sV1=7g (Qg)si=AV1-y, at 6=0, tice parametea=1).
wheres is the order parametdthe relative sublattice mag- Linear chain (=1, z=2):

netization in the AF state, and = \a;K;/2, andK; is the 1 1
modulus of the spin correlator between nearest neighbors in - p(x)= — ——,
the SL. 7 1-x2
Second, the spatial correlation functions of the spins are 110 square latticed=2, z=4):
sign-varying.
Thus in the framework of the proposed version of the
theory one is able to confirm Marshall’s assertion that the

Ix|<1.

1
Ya=3 (cosqy+cosqy),
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2
The sc lattice =3, z=6):

1 (1 1
D(x)= ;—(—— ;)In|x|, Ix|<1.

1
Ya=3 (cosqy+ cosqy,+cosq,),

0.876, |x|<0.329,

J1-x?

(x*—0.09°3+10%"
The bcc lattice =3, z=8):

-

—In|x
D(x)= 0.431% +0.186y1—x?, |x|<1.

The fcc lattice (=3, z=12):

D(x)=

0.279 0.329<|x|<1.

1 o]
yq=§(cxcy+ CxC,;1+CyCy), C; Ecos( ?J) ,

1
A(X), if—=<x=<0,
D(x)= 3
B(x), if 0s=x=1,

—0.456693,

1
A(x)=—0.366664 IVG 0.067118%X+ 3

0.202745
B(x)=0.226573/1—x+ Xr0151142 0.174703.

E. V. Kuz'min

The density of states for the dispersion relatigcon-
sidered must satisfy the relations

f D(x)dx=1, fD(x)xdx=O, fD(x)xzdx=;

*E-mail: evk@iph.krasn.ru; kuzmin@cshi.crimea.edu

DAlternant lattices are those that can be represented in the form of two
equivalent sublatticed andB interposed with each other in such a way
that the nearest neighbors of sublatticare sites of sublatticB andvice
versa

JIn the antiferromagnetic state the “staggered” magnetization itself is the
order parametemug=(1/N =915y =el/N 3, ()= &5 (eis the unit
vector along the quantization axidn the spin liquidmg, =0, but méL
#0, and\/m2,=|m| is the order parameter in the SLC.
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The temperature dependence of the magnetization of single-crystal LiNgR@easured for
magnetic-field orientations along tlag b, andc crystallographic axes. It is found that the value of
the magnetization depends on the magnetic prehistory of the sample. The magnetic behavior

of the antiferromagnetic sample is explained by the presence of weak ferromagnetism in LiNiPO
At a temperature fo5 K the value of the spontaneous magnetic moment along thes is

around 0.005 G. When the sample is heated to 20.8 K the magnetic moment decreases
monotonically to zero. All of the magnetic susceptibility curdd¢T)/H exhibit two

features: a jump and a kink at temperatufgsandT,, respectively. At a magnetic field of 10

kOe these temperatures are close to 20.84 and 21.86 K. The observed features indicate

that in the establishment of the main antiferromagnetic order in the LiNi&§stal, an
intermediate antiferromagnetic phase is spontaneously formed in the temperature interval from
Tn1=20.8(5) K toTy,=21.85). Thesequence of continuous and abrupt transitions at the
boundary temperatures of its existence region indicate that the intermediate phase is most likely an
incommensurate antiferromagnetic state.2@03 American Institute of Physics.

[DOI: 10.1063/1.1596583

1. INTRODUCTION volume of the unit cell is conserved upon magnetic
ordering'®2%22The exchange bonds in the crystals of this
Interest in noncentrosymmetric antiferromagnetic crysfamily were analyzed in Ref. 12. The most strongly inter-
tals has been growing markedly in recent ye@se, e.g., coupled ions lie within corrugated layers and are oriented
Refs. 1-10. One of the reasons for this is that crystals of perpendicular to the axialX. The exchange interaction be-
noncentrosymmetric classes and artificial magnetic systemsveen ions from neighboring layers is considerably weaker,
without a center of inversion can have inhomogeneous magand the magnetic properties of LIMRQ@an be described
netic structures form in them on account of the inhomogeusing the model of a quasi-2D antiferromagffet® The most
neous Dzyaloshinskiinteractions describable by Lifshitz intensively studied of the antiferromagnetic phosphates are
invariantst! The incommensurate structures resulting fromthe LiCoPQ and LiNiPQ, crystalst®~22The features of their
these “gradient interactions” differ from the modulated magnetoelectric, magnetic, and magnetooptic properties have
structures that form as a result of a competition betweemeen ascertained, but they have not yet been reconciled
exchange interactions. In particular, they can stabilize magamong themselves or with the results of neutron diffraction
netic vortex structurés'®and lead to the coexistence of spa- studies.
tially ~ modulated  antiferromagnetism and weak  The physical properties of the LiNiPOcrystal have
ferromagnetisnt® In addition, one group of noncentrosym- been studied in Refs. 15, 19-22, 27, and 28. Its ionic and
metric antiferromagnets—magnetoelectrics—is attracting inmagnetic structures have been determined numerous
terest because their symmetry admits the existence of torofimes?®2%222°-3'The optical absorption spectrum has been
dal magnetic structurés. investigated® The temperature dependence of the magnetic
Of particular interest are representatives of the magnetosusceptibility of powders has been measiffedlmost all
electric double phosphate crystals of the olivine crystallothe frequencies of active vibrational modes of the crystal
graphic family*>=?® These antiferromagnetic crystals have been determined by Raman scattering experiments, and
have the general chemical formula LIMRO(M  two-magnon light scattering has been deteéfethe behav-
=Mn, Fe, Co, Ni) and are described by the orthorhombicior of the magnetoelectric effect has been studied over a wide
Fedorov groupPnma= D%ﬁ (Refs. 29-31 Their unit cells  range of magnetic fields and temperatuf&s.Upon a cyclic
contain 4 formula units. The fourd3ions occupy all four of change in the magnetic field the magnetoelectric properties
the crystallographically equivalentsites. The magnetic ions of LiNiPO, and LiCoPQ crystals exhibit hysteresis of the
are surrounded by six oxygen ions, which form a rather‘butterfly” type, which is characteristic for magnetoelectrics
highly distorted octahedron with the symme@y=m. The  being magnetized in the presence of magnetic and electric
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fields. Hysteresis of this type can arise if the crystal has a
weak ferromagnetic moment or if the magnetism contains a 0.3
contribution quadratic in the field. It indicates the absence of
anti-inversion among the symmetry operations of the mag-
netic group of the crystal. However, the symmetry group
established in neutron diffraction studi2&’ corresponds to o
a completely compensated antiferromagnetic structure sym- -
metric with respect to the anti-inversion operation. In Ref. 27 =
the magnetic hysteresis of the magnetoelectric effect in
LiNiPO, was attributed to a rearrangement of a weak non-
collinear structure of the “skewed cross” type, described by
the invariantL,,L 3,. The presence of this invariant in the 0 10 20 30 40 50 80 70
thermodynamic potential is allowed by the symmetry of the T K
crystal.
In this paper we report a study of the magnetic properties 5F b
of single-crystal LiNiPQ in which we have detected an ul-
traweak ferromagnetic moment, the value of which is not 4r
over 0.005 G at a temperature of 5 K, and have found some
novel temperature features in the magnetic behavior of the
crystal. These features indicate that the transition from the
paramagnetic to the antiferromagnetic state occurs in two
stages, with the formation of an intermediate magnetic
phase.

0.2

C1f

M ,10°%G

2. EXPERIMENTAL RESULTS AND DISCUSSION 0

T,K

The LINIPO, single crystal for our studies was provided FIG. 1. Temperature dependence of the magnetization of a LiN#@ple
to us by Prof. H. Schmid of Geneva University. The sample >« ﬁgldsH%C:’ils ros andHimgfls k0o (& 3 of e
cut from the single crystal had a mass of 45.5 mg and was iyontaneous magnetization,= (M, rc—M _rc)/2 (b). The dashed curve
the form of an irregular truncated pyramid with a base ofis the temperature dependence of the cube of the antiferromagnetic order
around 4<x4 mm. The experiments were done on a Quantunparameter, taken from Ref. 20 and normalized to the valueVigfat
Design MPMS-5 magnetometer. The error of the temperaturé=>K:
stabilization was not ovet-0.015 K.

For measurements in the geometiyc the sample was _ 2) 2. (3 3
glued to a quartz rod with an orientation error of 1° or less. ~ M(T:H)=M(T)+x(T)H+ )= (T)H"+ X (T)H*.

Studies in the geometrid L c were done with the use of a Here M¢(T) and the contribution quadratic in the field,
copper turntable, the axis of rotation of which was perpen+((?)(T)H?, have different signs for antiferromagnetic states
dicular to the magnetic field. The sample was glued to thewith oppositely directed sublattice magnetic moments. From
turntable in such a way that the deviation of thexis from  the curves of the magnetization versus magnetic field
the field direction did not exceed 2°. To aid in orienting thestrength obtained in a fieldlc at different temperatures in
crystallographic axes along, we measured the angular de- the field range from+ 50 kOe to—50 kOe we extracted the
pendence of the magnetization at a field strength of 10 kOeubic contributiony®(T)H2. The largest value of® cor-

It was assumed that the magnetic field was parallel toathe responds to about$10™® G/kO€’. The quadratic contribu-

or b axis for those positions of the turntable for which thetion xy(?(T)H?, if it exists at all, is extremely small, the
value of the magnetization reached extremal values as walue of y(?) being not greater than 16 G/kO€. We note
function of angle. Prior to each measurement of the temperahat the usual susceptibility near the éleéemperature is
ture dependence the sample was heated to a temperatureggbund 0.3 G/kOe. Taking®(T)=0 and assuming that the
not less than By and then cooledot5 K in thepresence of coercive force is much larger than the field at which the
a magnetic fieldHgc. The direction of the fielHgc was  measurements were made, we can write the temperature de-
either parallel to the measuring fielth ( rc) or antiparallel  pendence of the spontaneous magnetization in the form

to it (H_gc).

1. Figl(jre la shows the results of measurements of the My(T)=[M(T)+rc=M(T) —rcl/2.
temperature dependence of the magnetization of the LINiPO  TheM(T) curve obtained from the experimental data is
crystal in a magnetic fieldtd=1 kOe oriented along the = shown in Fig. 1b. It is seen that the crystal has a very weak
axis. It is seen that at low temperatures the cuMg3) ., . ferromagnetism in the direction of the axis, along which
and M(T) _gc do not coincide. The possible measurementthe antiferromagnetic vector is oriented. The spontaneous
errors do not exceed the size of the data points in the figurenoment decreases monotonically as the sample is heated,

Assuming the presence of a spontaneous magnetizatioand it vanishes at a temperature near 20.8 K. The absence of
we can write an expression for the dependence of the magsteplike changes indicates that the sample remains single-
netization on temperature and magnetic field strength: domain throughout the temperature rangerffd K to atem-
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perature almost equal @y . Its value 45 K is 0.0048 G observed moment of 4:810 % G~0.2 cgs emu/mole, as
(~0.2 cgsemu/mole, or4x10"° ug/mole, whereug is  determined by the expressiork’(2) X 10* cgs emu/mole,
the Bohr magneton Such weak ferromagnetism is appropri- must be not less than~0.006 Fé" ions per molecule.
ately called ultraweak. However, such a large concentration of iron ions cannot be
If it is assumed that the weak ferromagnetism inpresent in the nominally pure crystal.
LiNiPO, is a property of the stoichiometric crystal, then it One would also be justified in wondering whether the
can be described only by invariants not lower than fourth-observed spontaneous moment might be due to topological
order, since the usual invariants of the Dzyaloshingjpe = magnetic inhomogeneities and to frustration of the exchange
are forbidden by the presence in the Fedorov gieapnaof  bonds in imperfect parts of the crystal. The two-dimensional
an odd center of inversion with respect to the antiferromageharacter of the exchange bonds is conducive to the forma-
netic vector of the main mode of ordering,=S;—S,—S;  tion of inhomogeneous local structures in the surroundings
+S,. The numbering of the magnetic sites is the same as iof various crystal lattice defects. The magnetic structure of
Refs. 21, 25, and 27 and differs from the numbering in RefLiNiPO, contains a layer of Ni" ions with parallel spins.
5. Using a table of transformations for the symmetry operaThe layers are parallel to thec plane. On going from layer
tions of the magnetic vectold, L,, L1=S,—S,+ S-S, to layer, the orientation of the spins changes to the opposite.
andL;=S,+S,—S$;—S,, which is given, e.g., in Refs. 5 Therefore, the specific contribution of stacking faults form-
and 25, one can determine the invariants that allow the agng partial dislocations with Burgers vectors parallel to the
pearance of weak ferromagnetism alongdhexis. These are axis could be especially important. Such dislocations are
M,L,,Lq Ly andM,L,,L4,L3,. Since the groufPnmaof  formed when a layer is removed, and, upon the complete
LiNiIPO, also allows the second-order invaridnt,L 5., one  breaking of the bonds, will lead to the formation of an un-
expects a preference for the invariavitL,,L1,L5,. In ad-  compensated ferromagnetic layer with a magnetic moment
dition, the thermodynamic potential also admits the magneparallel to thec axis. The total area of these idealized ferro-
toelectric invariantaM ,P,L,, andL,,L 1,P,, which couple = magnetic layers which would be needed to produce the ob-
the parameters of those magnetic vectors with the electriserved spontaneous magnetic moment in the sample is at
polarization. Therefore, in addition to the spontaneous ferroleast 0.5 crf. This required area may be orders of magnitude
magnetism in LiNiPQ there can also exist a spontaneouslarger, since the magnetic moment of the uncompensated
electric polarization along the axis, and one of the possible layer can be decreased substantially by the formation of new
mechanisms for the appearance of such weak ferromagmntiferromagnetic exchange bonds in the “healing” of the
netism is magnetoelectric. defect. It appears doubtful that the necessary density of par-
We write the projections of the vectots,, andLs, as tial dislocations(more than 18 cm™2) for creating this re-
resulting from small deviations of the spis, S,, S;, and  quired total area could be formed during the growth of the
S, from the orientations described by L. The correspond- crystal.
ing effective fields giving rise to the antiferromagnetic Another possible cause of weak ferromagnetism is the
modesL,, and Ly, are perpendicular to the vector of the appearance of inhomogeneous magnetic formations with
main antiferromagnetic mode,,. Their temperature depen- frustrated exchange bonds in the vicinity of other extended
dence will therefore be largely determined by thatlgf.  and point stacking fault®3*It is difficult to assess whether
Consequently, one expects that the temperature dependersgch a mechanism is realistic. If it is assumed that one defect
of the spontaneous magnetic moment will be determined bgite leads to the formation of a magnetic moment offQy2+
that ongz(T). The dashed curve in Fig. 1b shows the nor-in the adjacent region of the crystal, then the required num-
malized temperature dependence of the cube of the antifeber of such defect sites would be not less thaf ten3,
romagnetic order parameter as determined in neutron diffracwvhich also seems excessively large. On the other hand, if the
tion experimentgsee Fig. 8 of Ref. 20 At T<0.75T one  magnetic moment of the frustrated part were two orders of
observes qualitative agreement of t@(T) curve with the  magnitude larger, then such a mechanism for the appearance
experimentally determinel((T) curve. of weak ferromagnetism could not be ruled out. We also
The appearance of such a small spontaneous magneti@annot rule out the possibility that the weak ferromagnetism
moment might be due to the presence of various kinds oin LiNiPO, is an inherent property of its magnetic structure.
defects and impurities in the sample. The influence of impuin any case the observed proportionalin;g(T)~ng(T) in-
rities of iron ions on the magnetic properties of LiNiP®as  dicates that the spontaneous magnetic moment is due to the
investigated in Refs. 19, 20, and 22, and it was found thaantiferromagnetic ordering in the crystal and is a conse-
Fel* ions have a very strong effect on the magnetic properguence of interactions of high order in spin. Additional stud-
ties of the crystal. F& ions locate between antiferromag- ies will surely be necessary in order to explain the nature of
netic layers, replacing Li ions and forming chains of anti- the appearance of the weak ferromagnetic moment.
ferromagnetic clusters having a weak magnetic moment. As 2. Figures 2 and 3 show the temperature dependence of
a result, the LiNiIPQ:Fe*" crystal acquires the properties of the magnetic susceptibilityl (T)/H and its temperature de-
a weak ferromagnet. At a concentration of 0.038'F@ns  rivative A(M(T)/H)/AT obtained near the ¢ temperature
per molecule the magnetic moment is around 4.9 cgn field orientationsHlla, Hilb, andHlic. There are two fea-
emu/mole?? If it is assumed that there are small amounts oftures visible on all three curves: a jump Tt and a kink at
uncontrolled F&" impurities in the sample and that the weak T,. The jumplike change in the susceptibility occurs in a
ferromagnetism is due to clusters of only two iron ions, thetemperature interval not greater than 0.06 K. The rate of
concentration of F& impurity ions required to produce the change of the susceptibility in this interval is 5-9 times
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FIG. 3. Temperature dependence of the magnetic susceptildiliiy)/H of
the LiNiPQ, crystal(a) and its derivativeA(M/H)/AT (b) for Hlla (A) and
Hilb (#) in the vicinity of the antiferromagnetic ordering temperature;

FIG. 2. Temperature dependence of the magnetic susceptildiliiy)/H of
the LiNiPQ, crystal (a) and its derivativeA(M/H)/AT (b) for Hiic in the
vicinity of the antiferromagnetic ordering temperature on heatiny and
cooling (@) of the sample:H =20 kOe, T;=20.79 K, andT,=21.77 K.  H=10kOe,T;=20.84 K, andT,=21.86 K.
H;. is the value of the internal magnetic field of the sample.

field the temperatures of these transitions are clos€yto
larger than in the regions directly adjacent to it. The maxi-=20.8(5) K and Ty,=21.8(5) K. One notices that a
mum of the derivative at a value of the measuring field smooth transition to the intermediate phase occurs on the
=10 kOe is reached at a temperatire=20.84 K. When high-temperature side, while the transition on the low-
the field is increased tbél =20 kOe, the jump is shifted in temperature side is abrupt. Such a sequence of first- and
temperature to 20.79 K. The observed jump cannot be due t®econd-order transitions is characteristic for transitions to an
the appearance of 180° antiferromagnetic domains on heaincommensurate phadg®® This circumstance suggests that
ing and their disappearance on cooling. Such domains cathe intermediate phase in LiNiRGs an incommensurate an-
lead to total compensation and the vanishing of the magneiferromagnetic phase. The thermodynamic potential for an-
toelectric effect and the spontaneous magnetic moment, btiferromagnetic LiNiPQ contains invariants that might pro-
they cannot be manifested in any way on the temperatureote the formation of noncollinear antiferromagnetic
dependence of the magnetic susceptibility. A jumplikemodulated structures with a modulation vector directed along
change of the susceptibilityl (T)/H can be due solely to a the a axis (the invariantsL,dL,,/dx and L,,dL,,/dx) or
jump in the antiferromagnetic order parameter. Thus a firstalong theb axis (invariantsL,,dL,,/dy, L,,dL;,/dy). Also
order phase transition occurs at tiie-T;. We note that a allowed are inhomogeneous structures with modulated weak
jump in the magnetoelectric effect negy was observed in ferromagnetism. Their modulation vector may be parallel to

LiNiPO, in Ref. 21. either thea axis (invariantsM ,dL,,/dx, L,,dM,/dx) or the
The second feature, the kink, is observed for all threec axis (invariantsM,dL,,/dz, L,,dM,/dz).
directions of the magnetic field. In a field =10 kOe the The formation of a modulated phase in LiNip@t tem-

kink in the temperature dependence is observed at a tempernaeratures close tdy may facilitate a weak exchange inter-
ture close toT,=21.86 K, while in a fieldH=20 kOe it  action between the antiferromagnetic layers and a weak mag-
occurs near 21.77 K. As we see from Figs. 2b and 3b, thaetic anisotropy in th@c plane at these temperatures. That
kink corresponds to distinct steps on the temperature depethe single-ion magnetic anisotropy of paramagnetic LINJPO
dence of the derivativA (M (T)/H)/AT. Itis natural to sup- in theac plane is small is indicated by the closeness of the
pose that a second-order phase transition occurs at the temerresponding temperature dependences of the magnetic sus-
peratureT,, and the magnetic state of the sample in theceptibility in the paramagnetic regiofsee Figs. 2 and)3
temperature interval fronT, to T, is a thermodynamically Under such conditions the energies of the quasiacoustic and
equilibrium intermediate phase. In the absence of magnetione of the quasiexchange branches of spin waves at small
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Galvanomagnetic phenomena in layered organic conductors with a multisheet Fermi surface in
the form of a weakly corrugated cylinder and weakly corrugated planes are studied. It is

shown that in a strong magnetic fiettl unrestricted growth of the resistivity of such conductors
with increasingH is accompanied by the current lines being forced out to the surface of

the specimen. The main dissipation mechanism of electron current is charge scattering by the
boundaries of the sample, even in bulk conductors whose thickness is greater than the

free path length of the conduction electrons. For specular reflection at the surface the resistivity
increases linearly with the magnetic field. D03 American Institute of Physics.
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Unrestricted growth of the resistivity of a conductor with is of the order ofoo(r/1)? and the electric field is orthogonal
increasing magnetic field is usually accompanied by the curto the vectorH.
rent lines being forced out to the surface of the sample. Ina As a result, charge carriers that collide with the sample
strong magnetic fieltH, when the radius of curvatureof an ~ surface make the main contribution to the electric current
electron trajectory is much less than the charge-carrier mea#ensity
free pathl, the electric current can be concentrated com-
pletely near the conductor surfastatic skin effegt'~° This ji=owEx (1)
occurs in compensated metals, where the number of elec-
trons.equals the number of. ho!es, ar.1d in. metals with. an opefnq the resistivity of a sample with thickneds<I?/r in-
Fermi surface for magnetic field directions for which the ;regses linearly with.
resistivity increases withd. The reason is that the charge In a magnetic field an electron deflected at an angle
carriers colliding with the surface of the sample have ax|/r from the surface of the sample goes into the bulk of the
higher mobility than the electrons in the core of the conducconductor after several collisions with the surface. The elec-
tor, because the center of an electron orbit undergoes a juntpon mean free path.; is much less thad and equals
at every collision with the surface. The surface current der/sina. The result is that the transverse resistivity ) of
pends strongly on the specularity of the electron reflectionsompensated metals increases quadratically with the mag-
at the boundary of the sample. This allows us to use experiretic field for any ratio ofi andl, even if the surface of the
mental studies of théi-dependence of the conductor resis-Sample is perfectly smooth and the energy and momentum
tivity under static skin-effect conditions as a method forProjection on a plane tangent to the surface are conserved for

checking the state of the surface without destroying thePecularly reflected electrons.
specimer~12 Investigations of the surface state of layered conductors

In metals the static skin effect is most pronounced wherYVith a quasi-two-dimensional electron energy spectrum by

the magnetic field vector is parallel to the surface of theMeans of magnetoresistance measurements prove to be effec-

sample and orthogonal to the current density vecjto). g\étranlpnlemagneuc fields inclined away from the surface of the

This occurs when the effective free path lengih of the We shall consider the distribution of the current

electrons which are specularly reflected from perfectlyjineg iy tetrathiafulvalene-based  organic  conductors
smooth defect-free surfaces is limited by electron C°”i5i°”-°(BEDT—TTF)2x (where X is a radicalplaced in a strong

in the bulk only, i.e.l¢=I, and the conductivityr}" of a magnetic field. The organic conductors in this family consist
surface layer of thicknessrds of the same order of magni- of |ayered structures with a sharp metal-like anisotropy of
tude as the conductivityry in the absence of a magnetic the electric conductivity—the conductivity along the layers

field. In compensated metals the contribution to the transis much higher than the conductivity across the layers. This

verse conductivityrf)' of the electrons in the interior volume is probably due to the sharp anisotropy of the conduction

1063-777X/2003/29(7)/3/$24.00 584 © 2003 American Institute of Physics



Low Temp. Phys. 29 (7), July 2003 Kirichenko et al. 585

electron velocityv=de(p)/dp at the Fermi surface(p)  effective free path of slipping electrons can be estimated as

=g, i.e. the energy of the conduction electrons les=r7"?(r/1+w) and the conductivity of the boundary
layer is
- anp, 12
S(D):E 8n(pxrpy)CO%T"_an(pxrpy) ) oSKn= ﬁf:o—rn / (4)
n-o 2z 00 0w
an(Px,Py) = — an(—Px,—Py), 2 The fraction of electrons which form the skin layer is

about»*?r/L and the conductivity of the entire sample
8n(pxrpy)zgn(_px’_py)

0,7~ a§'§“773’ T/l + 0'!2' (5)
depends weakly on the momentum projectipr=p-n along  gssentially depends only on the state of the surface of the
the normaln to the layers. , bulk specimen|(<L,d) in very strong and perhaps currently

Herea is the distance between the layetsis Planck’s | nattainable magnetic fields such thét< 72.
constant, the functions,(py,p,) decrease as increases, so The resistivity for the current flowing along the layers

that the maximum value of the functian(p) —eo(Px,Py),  saturates in strong magnetic fields and is of the order of
equal tofer at the Fermi surface, is much less than they;, \when the magnetic field deviates from the direction
Fermi energyer. . _ along the layers all sections of the corrugated cylinder cut by

The Fermi surface of layered conductors is an open surg,q planep,=const are closed and the resistance for the
face which is weakly corrugated along tpe axis. Experi- ¢ rrent flowing across the layers also saturateg fer.
mental observations of the Shubnikov—de Haas quantum 0s- s the current lines in organic conductors whose
cillations, first in the complexes (BEDT-TTHBr, and  kermj surface is a weakly corrugated cylinder and does not
(BEDT—TTF)2I313'l4a?é:J then in all tetrathiafulvalene-based coniain any extra sheets are uniformly distributed over the
layered conductors; in strong magnetic fieldSH  gniire cross section normal to the current. For any orientation
=(OH sin6,H cosd) for a wide range of prove that at least ot 3 magnetic field the conductivity is determined mainly by
one Fermi surface sheet is a weakly corrugated cylinder.  charge carriers that do not collide with the boundary.

In @ magnetic field oriented parallel to the layers many  Thg gistribution of the current lines is substantially dif-
electrons with energy equal to the Fermi energy move alongrent in a conductor whose Fermi surface consists of ele-
open orbits e =const, py=p-H/H=const in momentum  ants with different topological structure. There are grounds
space, and the resistance for the current flowing across thg, pelieving that the Fermi surface in organic complexes
layers increases without bound b_lsmcr_eases. (BEDT-TTF),MHg(SCN), (where M is either a metal from

. Let the sample be a plate with thicknegsand bound- 0 group(K, Rb, TI) or NHs) consists of a weakly corru-
ariesz;=0,d andy;=0L, whered andL are much greater gaieq cylinder and weakly corrugated plah®k such con-
thanl. At #=m/2 the conduction electrons near a saddleqyciors open sections of the Fermi surface cut by the plane
point of _th_e Fermi surface make the main contribution to thepZ: const occur for any orientation of a magnetic field and
conductivityo,, across the layers of the core of the sample. the resistivity saturates in a strong magnetic field for only
Then the following formulas hold: selected directions of the current.

When the magnetic field makes an angle (7/2— 6)
> n with the layers, the electron trajectories in momentum
space are almost indistinguishable. Magnetoresistance inves-
tigations of the interaction of charge carriers with the surface
of a sample prove to be effective in a wide range of angles

oy =ooyn’ nP<y<L,

oy =00y’ nhy=n"<1, 3

where g is the conductivity in the absence of a magnetic ider th h h dol lie in th
field 178 Its value is of the order of the conductivity of met- ~ COnsider the case where the corrugated planes lie in the

als such as copper, gold, and silver. Here and below, PxPy plane and_th(_a glectron drift ak_)ng tes; axi_s in mo-
—epe/eH is the radius of curvature of an electron orbit at MENtUM space is limited. The equations of motion

0=0; y=r/l; c is the velocity of light;e is the electron py e _

charge;pg is the characteristic radius of the Fermi surface, = T(Uy cosf—v,siné),

which is a weakly corrugated cylinder. If is not much

greater than the free path lendththe contribution ofo,, apy eHv,

from charge carriers “slipping” along the boundarigg ot ¢ cost, ®

=0, L must be taken into account. These are conduction

electrons with closed orbits. Their number relative to the dp, €Hvy |
total number of charge carriers is not largdout %), but ot ¢ oind
their mobility is higher than that of the electrons that do not . . .
strike the surface of the sample. For specular reflection o r charge carriers that dq not come into contact with the
electrons at the boundary of the sample, electron drift alon oundaries of the sample imply

thez axis is limited by volume scattering only. The displace- 1 (T

ment of an electron along theaxis during the time between Ux= ff dtv,(t)=0, )

two collisions with the surfacg,=0 is aboutr »*2 If the 0

probabilityw of diffuse scattering with partial erasure of the whereT=2mm*c/eH is the period of the electron motion in
memory of the past history of the electrons is low, then thea magnetic field andn* is the effective electron cyclotron
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mass. If the motion on an open orbit in momentum space isibility of specular reflection of charge carriers at the bound-

aperiodic,T is a time interval which is long compared to the aries y;=0L can be easily determined by studying the

free path timer. resistivity of a layered conductor under static skin effect con-
Thus the contribution to the conductivity along thke ditions.

axis by volume electrons for closed and open trajectories in

momentum space is inversely proportional H3, specifi- _ _
vol o (r”)z Reported at the 3rd International Workshop on Low Temperature Micro-
O .

cally, oy, = o ) gravity Physicg CWS-2002.
The drift of electrons slipping near the boundaries of thex g_mail: vpeschansky@ilt.kharkov.ua

sample is different from zero along tleaxis. The contribu-

tion of these electrons to the conductivity could predominate.

At anglesé different from «/2 all orbits in the momentum . _
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The experimental temperature dependence of the resistivity of platinum in different structural
states is processed using the two-band Mott—Wilson model of a transition metal. It is

found that impurities, deformation defects, and quenching defects have essentially different
influences on the Debye temperature, the intensity of electron—electron Coulomb scattering, and
the intensity of intra- and interband electron—phonon scattering. A number of effective
microscopic characteristics and band parameters are calculated in the Friedel model. The
mechanisms by which the different structural factors influence the investigated complex of physical
characteristics of platinum are analyzed. 2003 American Institute of Physics.
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INTRODUCTION of mathematical approximation to the Bloch—Geisen

, theory in regard to the solution of the Boltzmann equation. It
It is known that the temperature dependence of the "®has been notdd? that a temperature dependenpéT)

sistivity of a metal contains important information about thest follows from the character of the frequency dependence
characteristics of the quasiparticle energy spectra and inter-

action parameters? The experimental data for a number of bt the transport spectral function of the electron—phonon in-
L » teraction. The model did not incl ibl ntribution
nonferromagnetic transition metalsb*°V,%” Ta® and Pf) eractio e model did not include possible contributions

. . . . p(T) from the electron—electron and electron—
of various degrees of purity are described to high accurac . . ;
. ) %aramagnetlc scattering, and for this reason the calculated
over a wide range of temperatures, from helium to rdtme results are lower than the experimental data in the low-
maximum discrepancy between the experimental points and P

the theoretical curves is not over 2% in all the papérg the temperature regionT(=10-20 K). In the t_emperatu_re Inter-
expressiof val 100—300 K the results of the calculations are higher than

the experimental data by 10%. This disagreement was at-
p(T)=po+aT2+b(T/0)315(0/T) tributed by the authors, first, to the inherent limitations of the
5 model of a rigid MT potential in the electron—phonon inter-
+c(T/0)°35(0O/T), oy action, and also to a possible noncorrespondence between the
where p, is the residual resistivitya, b, andc are coeffi- gnergies chargcterizing the band structures and the quasipar-
cients characterizing the intensity of the electron—electroficle energies in the theory of electron transport and to ne-
Coulomb scattering and the inter- and intraband electron-9l€ct of the smearing of the Fermi level at the upper bound-
phonon scattering® is the Debye temperature, adg( ®/T) ary of the temperature interval. Although there is no
are the Debye integrals. Formul® corresponds to the two- fundamental reason why such an approach cannot be used to
band Mott—Wilson model of a transition with charge transferStudy the transport properties of nonideal transition metals,
by thes electrons. It was obtained with the use of a numberthe corresponding calculations for specific types of defects
of simplifying assumptiongsphericity of the sheets of the have not been done in view of the obvious difficulties they
Fermi surface, neglect of umklapp processes, averaging ¢¥ould entail.
the values of the matrix elements for intra- and interband It follows from the data given above that the degree of
electron—phonon scattering, satisfaction of Matthiessen'@ccuracy in the description of the experimental results in the
rule). Each of the temperature-dependent contributions téramework of a simplified Mott—Wilson model of a transi-
p(T) (~T?, ~T3, ~T5) has a clear physical meaniA@he tion metal is higher than for the description in the refined
term proportional toT® corresponds to the well-known Bloch—Grineisen theory. This raises the question of what is
Bloch—Grineisen law. the reason for such good agreement of the Mott—Wilson
In Refs. 10—12 an approach to the solution of the probimodel with experiment. Part of the explanation may lie in the
lem of electronic conduction in transition metals was devel-following. The elastic neutron scattering experiments of Ref.
oped using band-theory calculations of the energy spectruni,3 showed that for Nb the phonon distribution function at
experimental data on the phonon spectrum, and the approxXirequencies w<0.5w,,,, corresponds well to the Debye
mation of a rigid MT potential for the electron—phonon ma- model of the spectrum, and this provides grounds for using it
trix elements. That approach amounts to a rather high leveh calculations of the low-temperature characteristics. It can
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be assumed that in other transition metals also an appreciabdigatic dispersion relation and a band afelectrons charac-
part of the electron—phonon interaction is realized on acterized by a widthWy, with a “uniformly smeared” density
count of nearly Debye phonons. Furthermore, it was noted if statesNg4(E)=10Wjy in it, and an average enerdyy.
Ref. 14 that the strong anisotropy and complex structure oTaking into account the sphericity of tlseband in the Frie-
individual isoenergy surfaces have only a weak effect on thelel and Mott—Wilson models and the circumstance that the
resistivity. This is because the set of all energy surfaces foshape of thed band does not play a substantial role for the
each metal can be approximated to a certain degree of acclatter? we can assume that the effective microscopic param-
racy by a sphere. In construction of the Fermi surfaces by théters characterizing the coefficient of theterm, in particu-
Harrison method the initial spherical surface is divided intolar, can also be used for an estimate of the effective param-
separate sheets, and at low values of the pseudopotential tRters of the Friedel model.
approximation of all the sheets by a sphere is a good ap- The goal of this study was to investigate the influence of
proximation. impurities, deformation defects, and quenching defects on
According to Refs. 15 and 16, the Fermi surf4E&) of the temperature dependence of the resistivity of an fcc tran-
platinum consists of three sheets: a closed electronic surfacgition metal(Pt) and to estimate the change of the effective
centered at thé& point of the Brillouin zone, for whicls—p microscopic parameters in the framework of the Friedel
mixing is typical, hole surfaces witi-type symmetry in the model of a two-band transition metal and the change of the
form closed ellipsoids of revolution at thé point, and a FS-averaged characteristics of the energy spectwithout
multiply connected tubular sheet with orientation along'”VOk'”Q the charact'e.rlstlcs of the superponductwﬂy in the
[100]. Here the electronic part of the FS surface correspond§lculations. In addition, we have obtained data on the
to ~18% of the total density of staté¥(0). This “architec- electron—_electron_ scat_terlng in Pt in _ different stru_ctural
ture” of the FS admits the possibility of both intrasheet states. S_mce platlnum_ls one of the main thermometric met-
(s—s) and intersheetg~d) processes of charge carrier scat- als, tr_]e influence o_f dlﬁgren_t kinds of structural defects on
tering by phonons. Calculations of the phononic resistivity of?(T) i @lso of applied significance.
Pd, the FS of which is similar to that of Pt, are in good
agreement with intersheet processes in the Mott model, i®AMPLES AND EXPERIMENTAL TECHNIQUES

the opinion of the authors of Ref. 10. In this paper it is e studied Pt samples in various structural states. For
shown that thd'-centered electron sheet of the FS, with anihe material of purity 99.95 wt. % the total concentration of

8% contribution toN(0), carries 80% of the current, and the jmnrities with lower atomic masses than (8, Al, Fe, Sn,
dominant scattering channe1%) is the scattering of carri-  gp) amounted to~1.1x 102 at. %. The content of the im-
ers from the electron sheet of the FS to sheets formed bidurities Au, Pb, Ir, Rh, and Pd, with atomic masses compa-
carriers with a lower velocity. rable to that of Pt, did not exceed2.7x 10 * at. %. After
The brief analysis presented above attests to the possimnealing at 1800 K for 2 hours, the wire samples, with a
bility of employing formula(1) for approximating the ex- diameter of 1.3 mm and an average grain sizeum, were
perimental data describing(T) for Pt. Here we have in  deformed by twisting at 4.2 K. The degree of deformation
mind that the microscopic parameters in the coefficients ofnd the deformation-related growth of the resistivity were
the different powers of the temperature are some averageg:ologz andAp,, «<=0.82 )-m. The structural state of
effective values for the corresponding sheets of the isoenergpe deformed sample was varied as a result of isochronal
surfaces. In such an approach the change8,af, b, c and  (t=5 min) annealing at 250 and 450 K. With allowance for
of the temperature derivative of the resistivity/dT|r-¢ at  the contribution to the resistivity from isolated dislocations
T=0 upon the introduction of structural defects to the ma-(~9x 10719 Q- cm?; Ref. 20, the estimate of the average
terial reflect the changes of the effective parameters of thgensity of dislocations in the sample after deformation and
electron and phonon spectra and the changes of the quasipée 450 K annealing was 3210'° cm 2.
ticle interaction. Some of the samples of this degree of purity were heated
For nonideal superconducting transition metals a numbeto 1500 K by passage of a current and then quenched in
of microscopic characteristics and superconductivity paramwater. According to Ref. 21, the concentration of vacancies
eters averaged over the FS can be calculated with allowangg Pt near the melting temperatufig,=2040 K is Co~3
for effects due to the electron lifetime in scattering on crystalx 10" 3. Then after quenching frorT;=1500 K we have
lattice defects and thermal phonons and with the use of,~C,exdE(T,'—T,")]. With an energy of vacancy for-
datd” on the conductivity and superconducting transitionmation E¢~1.4 eV this givesC;~2.4x 10 *.
temperaturelT.. For the bcc transition metals Ta and Nb Data on the treatment regimes, structure factors, and the
containing various amounts of interstitial impurities and de-characteristics op(T) for the samples is given in Table I.
formation defects, numerical calculations of a number of FSMachine processing of the experimen{&T) curves for
averaged microscopic characteristics and parameters of thvarying values of® were done in the temperature interval
Friedel mode®'? of a transition metal were carried out in 4.2—300 K by the least-squares method according to Refs. 4
Ref. 5 with the wuse of experimental datd®, and 8. The coefficients, b, c [see Eq(1)] anddp/dT| ¢
dp/dT|t=¢,T¢), and it was found that they change in oppo- correspond to the value @& at the minimal rms errow,
site ways upon the introduction of interstitial impurities andwhich does not exceed 0.5%. Table | also gives the results of
dislocations. The Friedel model gives a simplified descrip-an analogous calculation for high-purit99.998 wt. % stan-
tion of the electronic structure of transition metals in thedard thermometric platinum from SST MPTSh-68 with a
form overlapping bands of free electrons having a qua- minimal content of the impurities indicated above.
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TABLE |. Characteristics of the treatement, structural state, and parameters of the temperature dependd@nc®oplatinum.

15 ot
Structural Po 109, | 9 107, b-10% | ¢-10°, dp/dT|r>@10",
Sample Treatment state 6K
Q'm Q- m-K? Q'm Q'm Q mx!
Pt-1 SST MPTSh -68 99,998 wt. % 235.0 0.01 131 53.1 235 39.6
Pt-2 Annealing at 99.95 wt. % 240.0 1.39 117 78.0 190 38.7
1800 K, t=2h
99.95 wt. %;
Deformation dislocations +
Pt-3 at 4.2 K+ point defects 225.0 1.94 376 38.5 211 39.1
annealing at 250 K
Deformation 99.95 wt. %:
Pt-4 at 4,2 K + dislocations 227.5 1.68 348 44.0 204 39.1
annealing at 450 K
Quenching 99.95 wt. %;
Pt-5 121'(;)(;11}( vacancies 232.5 2.20 306 62.3 198 38.4

As compared to the Pt samples obtained from the Using the known expressions relating the microscopic
fine-grain(2—3 um) high-purity powder not containing im- parameters characterizing the coefficient of the intensity of

purities with a large magnetic momeffite, Mn), which had a  s—s scattering, one easily obtains the relatiar@/z;”3=ﬂ
superconducting transition temperaturd . ~(0.5-1.5) =const, wherez; is the effective number o electrons

x 10 2 K, % for the bulk samples one expects an even lowerforming the band with a spherical sheet of the Fermi surface.
value of T.. Experiments in this temperature region requireTo determine the parametgrin this relation, the values af
special apparatus. Therefore, in this study the calculations and® characterizing the sample of 99.998 wt. % purity were
a number of the microscopic characteristics for all the strucsubstituted in, along with the value af corresponding to
tural states of platinum were carried out without using datéband calculations of the energy spectrum of platinuzg, (

on the superconductivity. =0.94; Ref. 20. The values ofs andzy= 10—z, (z4 is the
effective number ofd electron$ obtained for all the struc-
RESULTS AND DISCUSSION tural states of platinum in this approximation were used in

- the calculations of the effective microscopic parameters.
Study of thep(T) curves for Pt in different temperature In the framework of the Friedel model of a two-band

. . 25
intervals has been the subject of a number of papefs: transition metdf?°the s electrons form a band of free elec-

In particular, it was shown in Ref. 24 that in the temperature . . * .
. : : trons with an effective mass; and a density of states at the
interval 0.3—4 K for samples characterized by resistance r

tios Rggo k/Rox=6000 and 5000, the coefficient oF? Fermi levelNy(0)=3nozy/2Er (E is the Fermi energyng
equalsm K14®2 §0‘15 0.m-K-2  For platinum  with is the atomic concentrationThe band of slowd electrons is

R300 k/Rok=2000 thep(T) data at temperatures in the he- characterized by a widiy, an average energyy, and an
lium region are described in Ref. 25 by the formula energy-independent density of staldg(E) = 10,24 /Wq in

the interval 0.%Vy—(Ef—Eq)<E<0.5W4+ (Eg—Ey).
p(T)=po+aT?+cT>, Sincez,+z4=10 for Pt, the values o, E4, andzy will

where be related by the expression

po=5%x10"° Q-m, a=150x10"*° Q-m-K 2
EF_EdZO.l\Nd(Zd_5). (2)
c=130x10"%® Q.-m-K~5.

The values of the coefficient af? in Refs. 24 and 25 agree We assumeEg=const for all the structural states, as is
with the characteristic of Pt-1 in Table | to an accuracy ofapparently justified by the smal10~4) volume effect re-
~7-14%. In Ref. 7 for Pt witlR39g x/Rgk=7192 the ex- alized upon the introduction of the deformation and quench-
perimental data obtained in the temperature intervak6lK  ing defects in Pt-2 and by the slight difference of the con-
<327 K were processed using formuth). The differences centrations of valence electrons of platinum with purities of
of the parameters given for that formula in Ref. 7 and those9.95 wt. %(Pt-2) and 99.998 wt. %Pt-1). With the values

in Table | for Pt-1 are:Aa/a=7.2%, Ab/b=56%, Ac/c  z4o=9.06, Wyo=7 €V, andE4=6.51 eV?° Eq. (2) gives
=8.5%, andA #/ #=16%. The valu@® =234+ 1 K obtained E=9.35eV.

from measurement of the heat capatitis practically the Calculations of the effective microscopic parametdns
same as the characteristic of Pt £ 235 K). the case of small changes, E@g) yields the following rela-
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TABLE II. Influence of structural factors on the effective microscopic parameters of platinum.

Eg Wy Q, N(©) Ng(E) N(©) <v2 >
F )
Sample 2 2d 7
eV states / eV - atom 10’ cm/s
Pt-1 0.940 9.060 6.51 7.00 10.09 0.151 1.428 1.579 6.09
Pt-2 0.814 9.186 5.39 8.98 11.38 0.131 1.113 1.244 7.75
Pt-3 0.839 9.161 5.77 8.60 11.18 0.135 1.162 1.297 7.48
Pt-4 0.825 9.176 5.66 8.84 11.29 0.132 1.132 1.264 7.63
Pt-5 0.820 9.180 5.63 8.90 11.33 0.132 1.124 1.256 7.68

tion for the increment$E,, Wy, anddz, to the quantities tained impurities of the platinide seri¢is, Rh, Pd, Pb, and
Eq, Wy, andzy: Au, with concentrations of ~1.7x10 % at. %, ~4.7
SE, 1 oW, 1 ><.10‘.5 at.%, and~5Xx 1.0-‘5 at.%, respectively. The con-
—=—(E¢ d)( —t ) tribution of these impurities to the change in the phonon
074 Wy 024 24=5 spectrum is insignificant.

For an estimate oBE,/5zy we used the values given The electronic structures of pure platinum and of the
above for the parametei,,, Wy, Er, andzyy and also  main impurities in Pt-2 are substantially different, and that
the estimatesW,/5z4~16.3 eV As a result, we have makes for a local redistribution of the electrons both directly
6Byl 6z4~—7.3 eV. Estimates of the values &f; for the  around the substituent atoms in the occupied sites of the fcc
different structural states of platinum are found from the redattice and near the neighboring host atoms. We know of no
concrete theoretical calculations on this matter. However, by
analogy with the results on the electronic structure of group
terize Pt-1. The values obtained fEg are then used in es- V transition metals containing impuritig®ef. 5 and refer-
timating the other parameters of the Friedel model from theences cited therejnt can be assumed that the lowering of
relations given above. The results of the calculations are préN(0) and the widening of thd band in Pt-2 in comparison
sented in Table Il. For the calculations of the FS-averagedvith Pt-1 is due to the transition of a fraction of the electrons
values of the charge carrier velocitﬂvﬁ) and the plasma from thed ands bands of platinum to hybrid states far from
frequency(), we used the relat|onQ2747-rh2 =p 1 (Ref. the Fermi level, which are formed with the participation of
27) andQ2 37Te2f12<v,:>N(0) (Ref. 28 The average elec- electrons of the impurity atoms; this is accompanied by en-
tron ||fet|me here ist=1/+/( UZF ) (I is the transport mean hancement of the lattice stiffness. This redistribution of elec-
free path. Estimates were made for the val(el,)=2.94  trons is especially effective for impurities with which plati-

x 10712 (). cn?, which was obtained with the use of the num forms intermetallic compounds. Such an effect gives a
values ofN(0) and Q, from Ref. 29. The results of the larger contribution to the change of the parameters of the
calculations ofm andQ are also given in Table L. energy spectrum than does the decrease of the average elec-

It follows from the data in Tables | and Il that impurities, tron density as a consequence of the lower valence of the
deformation defects, and quenching defects have a substafitain impurity atoms as compared to that of platinum.
tial influence on the complex of electrophysical characteris- ~Quenching defect§'he appearance of quenching vacan-
tics of platinum. It is seen that they are influenced in thecies leads to a complex change of the positions of the neigh-
opposite way by impurities as compared to the lattice defectgoring atoms, interatomic bonds, local electron density, and
arising in deformation and quenching. Here the effects for alelectron momentum distribution. It has been shown in the
the characteristicsexceptEy) are qualitatively similar to theoretical papefs™**that for transition metals with differ-

those established previously in studies of transition metal€nt types of crystal lattices there is characteristically a sig-
with the bcce lattice(Nb, Ta). nificant softening of the vibrational spectrum for the nearest
Impurities The main (~80%) impurities in Pt-2 as neighbors to an unfilled site, and a broad resonance peak
compared to Pt-1 are substitutional impurities with a concenappears in the low-frequency region. Here, according to Ref.
tration of ~1.4x 10 2 at. % and having mass numbers less31, the form of the spectral functiagy(w) has a substantial
than (Sh, Sn and much less thafAl, Si, Fe) that of plati-  influence on both the atomic relaxation and théand nar-
num. In accordance with the existing ide@®ee, e.g., Ref. rowing due to the vacancy. These results correspond qualita-
30), such impurities cause a deformation of the phonon spedively to the data for Pt-5, which contains quenching vacan-
trum which is manifested as an increase in the density ofies.
modes in the high-frequency region and also lead to the ap- Deformation defectsThe characteristic defects for Pt-3
pearance of split-off discrete frequencies at a rather strongre dislocations and defects of the vacancy type in the form
mass difference. Such a change in the vibrational spectrum i&f complexes with impurity atoms, formed after a 250 K
reflected in the experimentally registered increase in the Deannealing of a sample deformed at 4.2 K. Annealing at 450 K
bye temperature of Pt-2, and it is qualitatively similar to causes defects of the vacancy type to go to sinks. As a result,
effects observed in group V transition metaBt-2 also con-  the main defects in Pt-4 will be dislocations. A comparison

SE
lation Eq~Eqo+ Ed(zd— Z40), WhereEyo andzyy charac-
d
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of the characteristics of Pt-3 and Pt-4 in Table Il shows thaelectron—electron scattering in platinum containing deforma-

they are consistent with the above interpretation of the inflution and quenching defectsee Table)l can be linked in the

ence of vacancies on the parameters of the electron and phoodel of Ref. 38 not only to a decrease(®f and growth of

non spectra. N(0) (see Table Il but also to an increase af The latter
According to Ref. 5, the change of the transport andmay reflect, in particular, an enhancement of the anisotropy

microscopic characteristics of Nb containing dislocations isof the FS and a change in the relation between relaxation

due to the discontinuity of the directional interatomic bondstimes for electron—electron scattering with and without um-

in the region of the dislocation core and to a change of th&lapp on account of the regions near the dislocation cores

characteristic of the overlap of tlietype wave functions of and vacant sites of the crystal lattice.

the neighboring atoms. This leads to an increase in the den-

sity of states at the Fermi level and to a narrowing ofdhe concLUsION

band and is accompanied by softening of the phonon spec-

trum and enhancement of the electron—phonon interaction. A The research reported in this paper combines an experi-

comparison of the results of Ref. 5 and those of the presedfental study and model calculations of a complex of elec-

study shows that the regularities established for the bcc trarffoPhysical and effective microscopic characteristics of

sition metal Nb are qualitatively reflected in the results de-Platinum—a group VIII transition metal. The following re-

scribing the analogous parameters of platinum—a transitio§Ults were obtained: _ _
metal with an fcc lattice. 1. We investigated how the degree of purity of the plati-

Electron-electron scattering For transition metals the Num and the presence of deformation and quenching defects
resistivity contribution quadratic in the temperature is due teffect the temperature dependence of the resistpf) in
scattering of the high-velocitg electrons by the heaviet ~ the temperature interval 4.2KT<300 K. The experimen-
electrons® Furthermore, for pure transition metals such atél data are described to a high degree of accuracy in the
dependence can be due to the scattering of electrons on spfigmework of the Wilson—Mott model of a two-band transi-
fluctuations®®3® The results of studies of high-purity single- tion metal with the electron—electron Coulomb scattering
crystal Pd in Ref. 37, where the presence of a low-2nd the inter- and intraband electron—phonon scattering
temperature component (T) due to spin fluctuations was f@ken into account. _ _
not ruled out, indicate that the contribution proportional ~ 2. Forall the structural states of platinum we determined
to T2 is sharply attenuated foF>25 K. According to the the plasma frgquency and charge carrier velocity averaged
results of the studies reported here, for Pt the componerver the Fermi surface and the band parameters correspond-
p~T2 is manifested at temperatures ranging from helium tdnd to the Friedel model of a two-band transition metak
room temperatures. If it is assumed that it is due to the scalidth and average energy of thie band, the relationship
tering of electrons on spin fluctuations, then such a proceddétween the numbers dfands electrons, and the density of
presupposes a substantially higher boundary temperature f§fates at the Fermi level in each of the bands
spin fluctuations in platinum. This is clearly unlikely, since ~ 3- The presence of deformation and quenching defects

ably weaker than in P8. temperature, a weakening of the intraband and enhancement

In Ref. 38 an expression for the electron—electron scatof the intraband electron—phonon scattering, and intensifica-
tering due to the combination of the Coulomb interaction andion of the electron—electron Coulomb scattering. In the

the exchange of virtual phonons was obtained in the quasframework of the Friedel model this corresponds to a nar-
particle damping rate formalism, and a formula for estimat-"owing of thed band and an increase of its average energy, a

ing the coefficient off2 was obtained in the form decrease in the number of electrons, and growth of the
density of states in each of the bands. The FS-averaged val-
A7 (l+N)ka ues of the Fermi velocity and plasma frequency decrease.
= T 3 Substitutional impurities lead to effects of the opposite sign

(except for the changes ).
where(},, is the plasma frequencl, is the electron—phonon 4. We have found that the investigated complex of elec-
coupling constantx is a coefficient which takes into account trophysical and effective microscopic parameters of platinum
the fraction of umklapp scattering, and= 8#%/3(N/1 s influenced in opposite ways by impurities and by lattice
+X\)2y, is the rate coefficient for electron—electron scatter-defects arising on deformatioftlislocations, complexes of
ing due to phonons. Here vyq=272N(0) point defecty and quenchingvacancie this result is quali-
X (1+)\)k§/3n0 is the coefficient of electronic heat capacity. tatively similar to the effects studied previously in transition
An estimate ofy,~160«- 10 ° -m-K ™2 for Pt-1 accord- metals with the bcc latticéNb, Ta). Obviously, light impu-
ing to formula(3) was obtained with the use of the values of rities with fewer valence electrons than platinum has will
N(0) and{2, from Table Il and the valua =0.6 from Ref.  cause an effective increase in the density of high-frequency
39. If it is assumed that the value effor platinum lies inthe  phonon modes and lead to the formation of hybrid bound
interval 0.04 to 0.6, which characterize a number of transistates lying below the Fermi level, and a portion of the va-
tion metals(Mo, W, Nb, and Rg® then one can say that lence electrons of the host crystal will transition into these
there is qualitative agreement betweap,;=117X 107 states. This results in an increase in the lattice stiffness, a
Q-m-K~2 (Table ) anday, for the minimum value ok, and  widening of thed band, and a decrease in the density of
~80% agreement for the maximum value. The substantiastates at the Fermi level. The introduction of linear defects
(by a factor of~2.2—1.6) enhancement of the intensity of and vacancies in Pt typically causes distension of the lattice
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and gives rise to local breaking of the interatomic bonds; this

is accompanied by a change in the degree of overlap of thg

d-type wave functions of neighboring atoms. This causes

softening of the phonon spectrum, narrowing of the bandis

and an increase in the density of states at the Fermi level.
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It is shown that by studying the angular oscillations of the magnetoresistance of layered
conductors, one can determine the character of the falloff of the harmonics as a function of the
charge carrier energy from the momentum projection on the normal to the laye20®

American Institute of Physics[DOI: 10.1063/1.1596586

A considerable fraction of charge-transfer complexes oftonduction electrons on the quasimomentum projecfign
organic origin have a layered structure with a marked anisottRefs. 7 and 8
ropy of the electrical conductivity. Among them is the large

family of tetrathiafulvalene salts with a metallic type of elec- B - anp,

trical conductivity not only along the layers but also across s(p)—go sn(px,py)co47+ an(PxPy) [ @
them. In layered conductors the charge carrier energy

=¢(p) depends weakly on the momentum projectipp en(—Px> = Py) =&n(Px,Py),

=n-p onto the normah to the layers, so that the maximum

value of the velocity, of the conduction electrongqual to an(Px,Py) = = an(—Px, —Py)-

nug, Wherey is the quasi-two-dimensionality parameter
much less than the Fermi velocity for electron motion in the
plane of the layersyr.

Herea is the distance between layefisis Planck’s constant,
and the functiore,(py, py) falls off with increasing index,

Because of the quasi-two-dimensional character of th&® that the maximum value of the functiofe(p)

electron energy spectrum in layered conductors, quantum os. £0o(Px,Py)}, which is equal tope on the Fermi surface,
is much smaller than the Fermi energy .

cillation effects are most clearly manifested in them, since . .
. X . The results of experimental studies of the dependence of
almost all of the charge carriers with the Fermi enesgyare . .
. : . : . the magnetoresistance on the anglare often interpreted
involved in their formation. In 1988, Shubnikov—de Haas Co . '
S . . using an extremely primitive model for the dispersion rela-
oscillations of the magnetoresistance were obsérvedthe . .
tion of the charge carriers:

organic conductor (BEDT-TTE)Br,, and subsequently

quantum pscillation effects have peen observed in practically e(p)=(p2+ pi)/zm—(nvFﬁ/a)cos(apZ/ﬁ). 2
all tetrathiafulvalene-based organic complexese, e.g., the
review articles cited as Refs. 3 andl Zhe Fermi surface In the case of a Fermi surface in the form of a slightly

e(p) =g of layered conductors is open, with a slight corru- corrugated cylinder, the conduction electrons do not leave
gation along thep, axis, and the fact that the Shubnikov—de the unit cell in the plang,p,, and the explicit form of the
Haas effect is observed in tetrathiafulvalene salts attests th&inctions e,(py,py) does not play an essential role in the
at least one sheet of the Fermi surface is a slightly corrugateanalysis of the experimental results; however, keeping only
cylinder. the first harmonic in the expression for the dependence of the
Over the last 15 years there has been active study afnergy onp, leads to a fundamental disagreement between
another effect in organic charge-transfer complexes of théhe theoretical calculations and the experimentally observed
type (BEDT-TTF)}X with different radicals X: the resistiv- angle dependeng# ). Calculation of the magnetoresistance
ity p for a current directed perpendicular to the layers hagor a current transverse to the layers with the use of a dis-
sharp peaks as a function of the anglbetween the normal persion relation of the charge carriers in the fg@pleads to
n to the layers and the direction of a high magnetic fidld a significant growth of the resistance peaks with increasing
=(0,H sin 6, H cosé) strong enough that frequency of gyra- H for <7 r<1. However, the experimentally observed
tion Q of the conduction electrons is much higher than theirheight of the resistance peaks is of the same order of mag-
collision frequency 1# This orientation effect, which is spe- nitude as the part of the magnetoresistance that varies
cific to quasi-two-dimensional conductors, contains ex-smoothly with 6.
tremely important information about the shape of the Fermi  In the flow of current perpendicular to the layers the
surface—the distance between the sharp peaks of the funelectric field in the conductor is almost parallel to the cur-
tion p(6) is directly related to the diameters of a Fermi sur-rent, and the resistance in the leading approximation in the
face having the form of a slightly corrugated cylindéThe  parameterp<1 is inversely proportional to the,, compo-
amplitude of the Shubnikov—de Haas oscillations, like thenent of the conductivity tensor. Such a weak manifestation of
part of the magnetoresistang€d) which varies monotoni- the Hall effect is due to the slow drift of the charge carriers
cally with H, has sharp peaks as a function éfbut their ~ along the normal to the layers. Using the solution of the
positions need not coincide write maxima @f). The dif-  kinetic equation for the distribution function of the charge
ferences contain information about the relation between thearriers, one can easily obtain an asymptotic expression for
harmonics of the periodic dependence of the energy of the,, at <1 andy=1/Q)7<1:

1063-777X/2003/29(7)/3/$24.00 593 © 2003 American Institute of Physics
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wheree andm* are the charge and cyclotron effective mass
of the conduction electrong, is the time of motion of
the charge in the magnetic fields along an electron orbit
e=const,py=p-H/H with a periodT=27m*c/eH.

The integrands in formuld3) for tand>1 are rapidly
oscillating functions, and the integrals in the sum oveare
easily calculated by the stationary phase method. If there am®G. 1. Position of the maxima of the resistivity as a function of the angle
only two stationary-phase points, at whieh vanishes, on between the normal to the layers and the magnetic field direction for differ-

. . . ent ratios of the parameters,,,/A,=0.04 (1), A, ,/A,=0.4 (2); the
}hﬁ el?Ctr?n orbit, the asymptotic expressiondgy takes the experimental curve is p(6) for (BEDT-TTF),IBr, from Ref. 2.
ollowing torm:

2p2)2 2 2 2 possible to match the theoretical calculations with experi-
wh* ngl AN O+ oo et Vez), ment and to determine the character of the decay of the func-
(4  tionse,(px,py)-

For this purpose in Fig. 1 the experimental data taken
from Ref. 2 for the positions of the maxima of the resistivity
as functions of the angl@ (curve3) for (BEDT-TTF),IBr,
are compared with the theoretical calculations of the function
p(0) for two different ratios of the parametets, . As we see
In(0)=(flanD,tand) 2 cog(anDy, tan( 6/2)) — m/4} from Fig. 1, for curvel, whereA, . /N,=0.04, a significant

(5) growth of the maxima is observed, unlike the case of curve
2, for A, 1/A,=0.4, where the height of the maxima is
of the same order of magnitude as in the experimental data.
In Fig. 2 the calculated curves of the functigr(tané)
fre compared with the experimental data given in Refs. 9
and 10, where the ratios of the parameters are equal to
0.2 for 6-(BEDT-TTF)l; (Fig. 28 and 0.1 for
(BEDT-TTF),Br(DIA) (DIA is diiodoacetyleng (Fig. 2b).
As is seen in the figures, the calculated curves are extremely
close to the experimental curves if the ratio of the harmonics
Anc1/A, is large enough. At lower values of this ratio a
noticeable disagreement is observed, and it therefore would
appear to be incorrect to use an electron dispersion relation
of the form (2) for interpreting the experimental data.

ae’rm* cosé
Oz27—

where A, is the value of the functiore,(py,py) at the
stationary-phase points;, is the conductivity along the lay-
ers in the absence of magnetic fielg, and ¢, are of the
order of unity, and the function

has a set of zeros which repeat with periddtané)
=2mfilnaD,. HereD, is the diameter of the Fermi surface
along thep, axis, and with increasing the cyclotron effec-
tive mass of the charge carriers varies in inverse proportio
to cosé.

It is natural to assume that the functien(py,p,) falls
off with increasingn, and the number of terms that must be
retained in the sum over in the asymptotic expansion of
o,, In powers of the small parametersand y depends on
the character of the decay of these functions. Forntdja
contains small corrections to the asymptoticsogf, for »
<1 andy<1; it is extremely important to take these into
account if the functions,( ) for n=2 have negligibly small
values. In such a case at the valu#es 6. wherel (6) van-
ishes, the resistance to a current along the normal to the
layers does not go to saturation in high magnetic fields but
increases in proportion td? for 7<y<1, and saturation of
the resistance sets in at higher magnetic fields, wyrem.
In the case of a slow decay of the functiongp,,py) with
increasing inde»x it is sufficient to keep only the sum over
nin Eg. (4) in the asymptotic expression fet,,, since all of
the I ,(6) cannot vanish simultaneously.

We shall analyze the known experimental results on the
0 dependence of the magnetoresistance of tetrathiafulvalene ..
salts, keeping only three terms in the sum owein the 0 L ' ! :
asymptotic expansion of,,. If eq(py,py) is a quadratic 0 1.0 zt}?ne 3.0 4.0
function of the momenta, then all of tHg(#) are Bessel
functions, and theA, are functions ofen{p,(t),p(t)}, FIG. 2. Position of the resistivity maxima as a function of the tangent of the
which were taken out from under the integral oven Eq. angled between the normal to the layers and the magnetic field direction for

- _ ifferent ratios of the parameters: calculation fv;,,/A,=0.2 and the
(3) in the mean-value sense. The presence of the three fr%%:nts for 9-(BEDT—TTF),l5 (a); calculation forA,,, ; /A,=0.1 and points

parametersAl, _A2a and Az, which are to be determin.ed for (BEDT—TTF),Br(DIA) (b). The experimental data are from Refs. 9
using the experimentally observed dependesié® makes it  and 10.

p, arb. units
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magnetic fields for different orientations of the field relative v, G. Peschansky, Phys. Re88 305 (1997).
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the dependence of the energy on the momentum projectionTemp. Phys27, 1018(2001)].
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A theoretical investigation is carried out for plasmons in a weakly disordered array of quantum
wires, consisting of a finite number of quantum wires arranged at an equal distance from

each other. The array of quantum wires is characterized by the fact that the density of electrons
of one “defect” quantum wire was different from that of the other quantum wires. It is

assumed that the defect quantum wire can be arranged at an arbitrary position in the array. The
existence of a local plasmon mode, whose properties differ from those of usual modes, is
found. It is pointed out that the local plasmon mode spectrum is slightly sensitive to the position
of the defect quantum wire in the array. At the same time the spectrum of usual plasmon
modes is shown to be very sensitive to the position of the defect quantum wir@00® American
Institute of Physics.[DOI: 10.1063/1.1596592

1. INTRODUCTION local phonon mode, first obtained by Lifshitz in 1947 for the
problem of the phonon modes in a regular crystal containing
Quasi-one-dimensional electron systefDESS or 3 single isotopic impurity’ Notice that practically all the
quantum wires QWs) are artificial structures in which the electromagnetic energy flux of plasmons corresponding to
motion of charge carriers is confined in two transverse directhe local mode is concentrated in the vicinity of the defect
tions but is essentially freén the effective-mass sensen  2DES. At the same time, the opportunity of using the pecu-
the longitudinal directioi=® Usually QWs are produced by |iarities of the plasmon spectrum to determine the parameters
adding an additional one-dimensional confinement to a twopf defects in a superlattice was pointed out in Ref. 16.
dimensional electron syste2DES. This additional con- This paper deals with the theoretical investigation of
finement is, in general, weaker than the strong confinemerglasmons in a finite weakly disordered array of QWs, con-
of the original 2DES'. One of the motivations for studying taining one defect QW whose one-dimensional density of
QWs is the fact that the charge-carrier mobility is higher tharelectrons differs from that of the other QWs. We suppose that
in the 2DESs on which they are built. The reason for this isthe defect QW can occupy an arbitrary position in the array.
that the impurity content and distribution around QWs can baye show that the plasmon spectrum in the weakly disordered
selectively controlled, producing enhanced mobiity. array of QWs is characterized by the existence of a local
Collective charge-density excitations, or plasmons, inplasmon mode whose electromagnetic field is localized in
QWs are objects of physicists’ great interest. Plasmons ifthe region of the defect QW. We find that the position of the
QW have been investigated previously both theoretically defect QW in the array does not affect strongly the spectrum
and experimentally?~*? In those papers it was shown that of the local plasmon mode but it exerts a significant influ-
plasmons in QWs possess some unusual new dispersi@hce on the spectrum of other plasmon modes. At the same
properties. First, the plasmon spectrum depends strongly oime, when the defect QW is arranged inside the array, the
the width of the QW. Second, 1D plasmons are free of Lanplasmon spectrum contains modes whose dispersion proper-
dau damping® in the whole range of wave vectors. ties do not depend on the value of the electron density in the
From the point of view of practical application the ob- defect QW.
jects of interest are the so-called weakly disordered arrays of  This paper is organized as follows. In Sec. 2 we derive
low-dimensional systems. Recently the plasmons in weaklyhe dispersion relation for plasmons in a weakly disordered
disordered superlattices, formed of a finite number of equa”hrray of QWs. In Sec. 3 we present the results of a numerical
spaced two-dimensional electron systems, have been inveso|ution of the dispersion relation and discuss the dispersion
gated theoretically”*° The weakly disordered superlattice properties of plasmons in a weakly disordered array of QWs.
is characterized by the fact that all 2DESs possess equgle conclude the paper with a brief summary of results and
electron densities except olttlefect”) 2DES, whose elec- possible applicationSec. 4.
tron density differs from that of the other 2DESs. It was
fo_und that the plasmon spectrum of such a sgperlgttlce €O 1 SPERSION RELATION
tains a local plasmon mode, whose properties differ from
those of other plasmon modes. The existence of a local plas- We consider a weakly disordered array of QWs consist-
mon mode is completely analogous to the existence of theng of a finite numbeM of QWSs, arranged at planes=1d

1063-777X/2003/29(7)/6/$24.00 596 © 2003 American Institute of Physics
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(1=0,...,M—1 is the number of QW is the distance be- , [hake  fAidg)?
tween adjacent QWs We suppose that all QWs possess | m* O T om*
equal 1D electron densitid$ except one defect QW whose Ir'=

electron density is equal td,4. So, the density of electrons
in the Ith QW can be expressed &= (Ng—N)d,+N.
Herep is the number of the defect QW situated at the planqqerek'F: wN,/2 is the Fermi wave number in thién QW. In
z=pd, andéy, is the Kronecker delta. The QWs are consid-the long-wavelength limitwhere q,—0) the functionIT'
ered to be placed in a uniform dielectric medium with dielec-can be written agl'= (N, /m*)(q% w?).
tric constante. We use such a simple modgh which the Note that the Hartree potential can be expressed in terms
dielectric constants of the media inside and outside the arragf the perturbatiohas
are equdl to avoid the appearance of a surface plasmon 5
mode. We consider the motion of electrons to be free irxthe VH(r)= j dr’ e sn(r'). (5)
direction and considerably confined in the directigrendz elr—r’|
At the same time we suppose that the width of all QWSs isygjng equationg3) and(5), we get the following expression
equal toa in they direction and equal to zero in tleedirec-  ¢5; the matrix eIemenV}*:(kX TIVR(x,Y,2) [ket G 1)
tion.

In other words, each QW can be represented as a square \,H_ K
quantum well with infinite barriers at=—a/2 andy=a/2 Vi ; Vil ©
and a zero thickness in thedirection. Meanwhile we take

= In
Gt , [hoke Ao
@ m* 2m*

)2 : (4)

into account only the lowest subband in each QW. In thatWhere

case the single-particle wave function for the electron can be 8e? rar a2 5

written in the form: U|,|'=? /ZdY'J lzdyKo{qx|(y—Y')
& —a —a

e 1(%,Y,2) =Ky 1) = explik,x) e(y)[ 8(z—1d) ] (1)

where ¢(y) = J/2/a cosmyla, andk, is the one-dimensional
wave vector describing the motion in tledirection. In that
case the single-particle energy can be written as follows:

+(1 -1 ’)2d2|1’2}co§(%y) co§(%y/) ,

andK(x) is the zeroth-order modified Bessel function of the

second kind. Collective excitations of the QW array exist
%2KE when Eq.(6) has a nonzero solutiovi” in the case when the

By, 1=Eot om* external perturbatiov®*=0. Hence, the intrasubband plas-

. o mon dispersion relation takes the form
HereE, is the energy of the subband bottdfor simplicity P

we may putEy=0), andm* is the effective mass of the deqalyl,—H"U,',,|=o_ (7

electron. . . .
To obtain the spectrum of collective excitations we startIt should be noted that fo =2 the dispersion relatio(¥)

, . : coincides with the dispersion relation obtained in Ref. 6 for
with a standard linear-response theory in a random phas

approximation. To obtain the collective excitation spectrum‘“!’al"’lsmons in a double-layer QW system.

we considersn(r), which is the deviation of the electron

density from its equilibrium value. After using the standard 3 NUMERICAL RESULTS

linear-response theory and the random phase approximation, Figure 1 shows the intrasubband plasmon spectrum

on(r) can be related to the perturbation as (solid lineg in a weakly disordered array of QWs in the case
f p=0. They axis gives the dimensionless frequengywg
n(x,y,z)= > #Vnalwz,wm (2) (wi=2Ne?/sm*a? is the plasma frequengyand thex axis
aa’ ST EaTRO gives the dimensionless wave vectpa* (a* =s#h?/m*e?

where a=(k,,|) is a composite index which is defined by is the effective Bohr radiys For comparison the dispersion
(1), f, is the Fermi distribution functionV, . =(a|V|a') curves for the plasmons in a single QW with electron densi-

are the matrix elements of the perturbing potentiat ve*  tiesNg andN are depicted by dashed curveand2, respec-
+VH, andVv® and V" are the external and Hartree poten- tively. As the model of the QW we use a GaAs heterostruc-

tials, respectively. ture with an effective mass of the electrom$ =0.067m,
For our system Eq(2) can be rewritten in the form (mg is the free electron massand a dielectric constant
e=12.7.
5n(qx,y,2)=; H'/V|2,¢,(y) s(z—1"d), 3) As is seen from Fig. 1, the intrasubband plasmon spec-

trum in the finite array of QWs contaild modes. Thus, the
number of modes in the spectrum is equal to the number of

where . .
QWs in the array® Notice that the plasmon frequeney
vl Froeray — Fi increases with increasing wave numbgy. At the same
I1 = dek"Ek ra B the time, the propagation of plasmons in the weakly disordered

array of QWs is characterized by the presence of a local
is the noninteracting 1D polarizabilitybare bubble”) func-  plasmon modéLPM). In the case when the electron density
tion, andV, =(k,,l"|V|k.+qy,l"). At zero temperature the in the defect QW is less than the electron density in the other
functionTI' can be written as QWs (Nyg<N), the LPM lies in a lower-frequency region in
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FIG. 1. Dispersion curves of plasmofsolid curvegin a weakly disordered
array of QWs with parametersl =5, d=15a*, a=20a*, p=0 for two
values of the electron density in the defect QW;/N=0.5 (a), Ny/N

=15(b). g T g
3

1.0t 4
. . . | /~LPM
comparison with the usual plasmon modEwy. 18. Accord- c
ingly, if Ng>N, the LPM lies in a higher-frequen region in 0 . . . L -
comparison with the usual modéBig. 1b.* It should be 0 1.0 Ng/N 2.0 8.0

emphasized that in the limig,d—, when the Coulomb

interaction between electrons in adjacent QWs is neglibleFIG. 2. Dependence of the plasmon frequency upon the NN when
the LPM dispersion curve is close to the dispersion curve fof:@" =0.04,M=5, d=15a*, a=20a" and for three cases of the defect
the plasmons in a single QW with electron dendity. In QW Position in the arrayp=0 (&, p=1 (b), p=2 (c).

this case the dispersion curves for usual plasmon modes in

the limit g,d— <« are gradually drawn together and are close

to the dispersion curve for the plasmon in a single QW withthere are already two plasmon modesrvesl and3) which
electron densityN. possess such a distinctive feature.

Now we consider the dependence of the plasmon spec- Figure 3 presents the dependence of the plasmon fre-
trum on the value of the 1D electron density in the defectquencyw/wy upon the numbep of the defect QW, for dif-
QW. Figure 2 presents the dependence of the plasmon fréerent values oM. This dependence is depicted by separate
qguency on the ratid?Ng/N in the case of a fixed value of the dots. Solid horizontal lines denote the plasmon mode fre-
wave vectorg, and for different positions of the defect QW quencies in the ordered array of QWSs. As can be seen from
in the array. As is seen from Fig. 2, the frequency of the LPMFig. 3, the LPM spectrum is weakly dependent upon the
increases when the value of the ralig/N is increased. At position of the defect QW in the array. However, the spec-
the same time the spectrum of the usual plasmon modes tsum of usual plasmon modes is more sensitive to the posi-
characterized by the following features. o= 0 (Fig. 29,  tion of the defect QW in the array. Notice that at every value
as the value of the ratibly/N is increased, the frequency of of M, when the defect QW is arranged inside the array of
all the usual plasmon modes increases as well. In othe@Ws (1=p=M—-2), the usual plasmon mode spectrum
words, forNg<<N all of the dispersion curves lie in a lower- contains modegshown by five-pointed starswhose fre-
frequency region as compared with the dispersion curves ajuency does not depend upon the value of the electron den-
plasmons in the QW array with equal electron densities in albity in the defect QW. At the same time, the maximum num-
the QWs(ordered array of QWs Correspondingly, in the ber of such modes is observed in the case where the defect
caseNg>N all the dispersion curves of plasmons in the QW lies at the very center of the array.
weakly disordered array of QWs lie in a higher-frequency  To explain the above-mentioned features of the plasmon
region in comparison with the plasmons in the ordered arraynodes, we consider the spatial distribution of the Hartree
of QWSs. However, whep=1 (Fig. 2b the frequency of one potentialV". Figure 4 shows the dependence of the Hartree
of the usual plasmon modédsurve 2) becomes practically potential V"' upon the z coordinate for the LPM(solid
independent of the ratidly/N. In the casep=2 (Fig. 20 curves. This dependence is presented for different positions
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> : : .;l FIG. 4. Spatial distribution of the Hartree potentidl(q,,0z) over thez
'. : — coordinate for the local plasmon mode in the case whga* =0.05,
) L - : Ny/N=0.5, M=5,d=15a*, a=20a* and for different positions of defect
01 .5 : $ . ] » QW in the array:p=0 (a), p=1 (b), p=2 (0).
3 e b v
T ===
1.01 the whole flux of LPM electromagnetic field energy is con-
d centrated in the vicinity of the defect QW. The weak depen-
0.5le * . . iy dence of the LPM spectrum on the position of the defect QW
) 1 2 3 4 can be accounted for by that peculiarity.
p To explain the fact that usual plasmon mode spectra are

. sensitive to the position of the defect QW in the array, let us

FIG. 3. Dependence of the plasmon frequency upon the position of the . . L .
“defect’” QW in the arrayp, wheng,a* =0.05,Ny/N=0.15,d=15a*, a  consider, for example, the spatial distribution of the Hartree
=20a* and for different values of the amount of QWs in the arry:  potential for mode 4see Fig. 2. This dependence is repre-
=7 (@, M=8 (b), M=9 (c), M=10 (d). sented in Fig. 5 for different positions of the defect QW in

the array. The dashed curves present the distribution of the

Hartree potential for mode 4 in the case of the ordered array
of the defect QW in the array. Theaxis gives the dimen- of QWSs. As one can see from a comparison of Figs. 5a,b,c,
sionless Hartree potenti®™(q,,0,2)/V(q,,0,0), and thex  the spatial distribution of the Hartree potential changes when
axis gives the dimensionleggoordinatez/a*. For compari-  the position of the defect QW in the array is varied. Thus, the
son the spatial distribution of the Hartree potential for thechanging of the Hartree potential causes the variation of the
lowest-frequency plasmon mode in the ordered array of QWglasmon frequency.
is depicted by dashed curves. Vertical dash-and-dot lines de- Figure 6 presents the spatial distribution of the Hartree
note the positions of QWs in the array. Here the vertical solighotential for plasmon modes whose frequencies are slightly
bold line corresponds to the position of the defect QW in thesensitive to the valubl,. As is seen from Figs. 6a,b,c, these
array. As is evident from Figs. 4a,b,c the absolute value oplasmon modes possess one particular feature. Thus the spa-
the Hartree potential in the vicinity of the defect QW exceeddial distribution of the Hartree potential corresponding to the
considerably the absolute values of the Hartree potentials ispectra of these modes in a weakly disordered array of QWs
the vicinity of the other QWs. This implies that practically either differs insignificantly from that in the ordered array of
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FIG. 5. Spatial distribution of the Hartree potentidi(q,,0z) over thez FIG. 6. Spatial distribution of the Hartree potentiéil(q,,0,z) overz coor-
coordinate for mode 4see Fig. 2 in the case whem,a* =0.05, Ng/N dinate for the following plasmon modep=1, mode 2(see Fig. 2b (a),
=0.5, M=5, d=15a*, a=20a* and for different positions of the defect P=2, mode I(see Fig. 2¢(b), p=2, mode 3(see Fig. 2k (c).

QW in the array;p=0 (a), p=1 (b), p=2 (¢).

lible. Therefore, the defect QW does not exert a significant
QWs(Fig. 6a or coincides with it exactlyFigs. 6b,¢. Atthe influence on the dispersion properties of the plasmon modes.
same time, the absolute value of the Hartree potential in the To conclude, it should be emphasized that the above-
vicinity of the defect QW is neglible. Thus, in that case thementioned features of the plasmon spectra can be used for
value of the electron density in the defect QW does not exerthe diagnostics of defects in QW structures. Hence, the LPM

a substantial effect on the plasmon spectrum. properties can be used for determination of the electron den-
sity in the defect QW. At the same time, the properties of the
4. CONCLUSION usual plasmon modes can be used to determine the position

In conclusion, we have calculated the plasmon spectruan the defect QW in the array.

of a finite, weakly disordered array of QWs which contains, _
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The radiative decay of excitons in a slightly disordered molecular chain is studied. The degree of
disorder dictates the radius of the excitonic state which determines the enhancement of the
decay ratel” (superradiande I' is calculated as a function of the degree of disorder and the
temperature and compared with that of a regular chain whose I@hgitermines the

excitonic radius. A value oN that gives essentially the same decay rate as a function of the
temperature is found for every degree of disorder2@3 American Institute of Physics.

[DOI: 10.1063/1.1596593

The termJ-aggregate denotes an almost periodic chain 1 N
of organic impurity molecules in an organic matrik éggre- \IIQZ\/—N 2 Cna¥n (1)
gates are named after one of their discoverers, E. Jelley nt

(1937"). J.-aggregates have aj[tracted the attention of reZt_he subscriptx enumerates the excitonic states which for a
searchers in several respects since the 19795. Of great phy?é‘gular chain correspond to the wave vectld. At low
cal interest is the phenomenon of superradiance—the lumigmperatures, where only the lowest excitonic state is occu-
nescence decay time dfaggregates is shorter than that of pjed, the ratd™ of radiative transitions into the ground state
the corresponding monomer. The amount of the decrease proportional to the squared matrix element of the dipole
(considered belojwdepends on the degree of chain regularitymoment between the excited and ground states. For the low-
and can be used for structural diagnostics of the chain anest excitonic state, since all the coefficieotshave the same
for studying the molecule—matrix interaction responsible forsign and the corresponding matrix element for a separate
the weak disorder of a chafn! molecule is independent af, the matrix element between
The study ofJ-aggregates also holds promise for bio- the state(1) and the ground state is proportional K"
logical applications. In particular, electronic relaxation pro- | nereforel is proportional to the chain lengti. The coef-

cesses in a molecular chain are similar to the light energyzc'ent of proportionality can be found &t=1 as the radia-

transformation mechanisms in biological photosynthe5|%;§i§§/(;agerf;€fa$ gffﬁS?g\?JssteZS(t:ignrirc]:oslfgtil?é ;—Qéﬁtthe
systems213|n 1991 it was proposed that the excitonic lu- Y

. times higher than that of a separate molecule:
minescence of somé&-aggregates be used as a probe of the

live state of biological cell$* J-aggregates are formed on a I'~NT,. ?)

cell membrane if they are attracted to the membrane poten-

tial, which exists only in a live cell and disappears if the cell The relation(2) is valid only for the lowest excitonic state.

dies (the luminescence af-aggregates reveals the fact that For a higher excitonic state the coefficientsin Eq. (1) are

the aggregates have been formed sign-alternating and” is much less than the valu@). It
The correspondence between the degree of disorder afgllows thatT" decreases with increasing temperature. The

the shortening of the luminescence decay timwhich can ~ dependence of on N and the temperature are well known

be measured experimentally and used for structural diagno€0r @ regular chain. In what follows they shall be used to

tics of J-aggregates, is important for all aspects of the study?®mPare with infinitely long disordered chains.

and applications of-aggregates. So far, this correspondence Th? model of a regula(periodidlchain of _finite .Iength !
. : . N qualitatively describes the behavior of excitons in an infi-
has been established for a model of a reg(sarnictly peri-

. . . . . .. nitely long slightly disordered chain where the lowest exci-
odio chalq of f|n.|te 'egim l(éhe length is expressed in units tonic state is always localized; the localization radius deter-
of the chain period).“™>*>

, , ) , mines the effective value dfl. This model is widely used
The essence of this model is physically obvious and conpecqyse it is simple and illustrative. However, up to now the

sists in the following. Consider a one-dimensional excitonicygdel has been qualitative for two reasons. First, no quanti-

band corresponding to the lowest excited electronic sfate tative dependence has been established betweand the

of a separate molecule. This excitonic state can be reprefegree of disorder of an infinitely long chaiinecause of the

sented as a linear combination of the orthonormalized modifficulties of modeling an infinitely long disordered chain

lecular states centered at the chain sites Second, it was not known how accurately the model de-
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scribes(even with the optimal value dfl) the temperature (the subscriptx enumerates excitonic states with enekgy .
dependence of the superradiance rate of excitons in a disofhe equation(5) must be supplemented with a boundary
dered chain. condition for a linear chain of length:

The purpose of the present work is to make the finite- =0 ¢ -0 6)
chain model quantitative. For this, first, a quantitative corre- 0~ “M+17*
spondence will be established between the model chaiithe chain can also be closed into a ring of leniythwith
lengthN and the degree of disorder of a truly infinite chain. periodic boundary conditions
Second, the temperature dependence of the superradiance
rate of excitons in a disordered chain will be calculated and
compared with the case of a regular chain with the best-fit  The excitonic energy levels,, can be found by equating
length. It is assumed that superradiance occurs at complet@ zero the determinant of the systé®. Then the orthonor-
thermodynamic equilibrium. malized set of solutionéc,,} is obtained from Eq(5) after

This work will be based on the general relations for thesubstituting for everyr the corresponding value &,
excitonic states and the superradiance rate of a molecular The ratel’, of radiative decay from theth excited state
chain with arbritrary lengttM and arbitrary degree of disor- to the ground state can be expressed in the usual way by
der. The chain is placed into an inorganic crystalline matrix;solving Eq.(5):
the discrepancy between the periods of the chain and the M
matrix lattice is the origin of the small aperiodicity of the r,=T, 2 Cha
chain potential. The excitonic band is assumed to correspond n=1
to the lowest excited electronic state of a separate molecu g . A .
of the chain(the higher molecular states are ignc)reld the LFhe total decay raté" at thermodynamic equilibrium is

n+MECn’Vn+M’n+M+1:Vn,n+l- (7)

2

®

absence of disordeM =N this general case becomes a — Ex:ll“aexq—Ea/T)

model of a regular chain of finite lenghl; in the presence of M, T)= SV exp—E,_/T) ©)

disorder a truly infinitely long, disordered chain obtains for at “

sufficiently largeM. (T is the temperature in energy unit§he lowest excited
The Hamiltonian of the electronic system of the chainState witha=1 makes the dominant contribution to the de-

can be written as cay rate(9) because the sign of,, is constant, whence

follows the decreasing temperature dependende. of

H=XHq,— V. ) For a regular chaie, andV,, .=V are independent of

. N . n. Th [ has the simpl lution
HereHg, is the Hamiltonian of a separate molecule includ- € equatior(5) has the simple solutio

ing the Hamiltonian of the free molecule and the crystal field exp(ikan)

acting on thenth molecule in the chainV describes the an:Ta (10
interaction between the electronic subsystems of different

molecules. Following Eq(1), the excitonic state¥,, i.e. E,=2Vcoska, k=2ma/Ma, a=1,...,.M.

the eigenfunctions of the Hamiltoniai3), are expanded in
the orthonormalized stateg, of a chain containing an ex-
cited molecule at theth site (h=1,... M). By definition 4 sirf[ (M + 1)ka/2]sir(Mka/2) ctan ka/2)
¥, is an eigenfunction of the Hamiltoniaty, , which there- Fv= M sin(ka) — cog (M + 1)ka]sin(Mka)
fore has no off-diagonal matrix elements, wher®¥akas no

diagonal elementghe diagonal part o¥ is incorporated into

the first term in Eq(3)]: N

Taking account of Eq(10) the expressiori8) becomes

(11)

HOH\PHZSH\I’na HOnmzsngnm, Vnn=0. (4)

The interaction potential/ is assumed to be an exchange 30 '
potential, so that all matrix elements,,, except those be- ;
tween adjacent site¥, .., and V, ,_; can be neglected. 1
The latter assume random values centered on an average og L
value V and the site levelg, assume random values cen-
tered on their average position, which is zero. In the absence
of disorder the width of the excitonic bandWé=4V and the
band extends from-2V to 2V. 10 -

The Schrdinger equation for the HamiltonigB) can be
written in the site representation in the usual way. Finally,
allowing for the relationg1) and(4), we obtain the follow- L L
ing system of linear homogeneous equations for the expan- 0 0.1 0.2 0.3
sion coefficient,,, : c

€nCnae T Vant1Cnt1,0T Vinn-1Cn-14= EaCna ) gilsGo.rdlérlho? :r?uilr:/fiar:ietgtlylelgr?;hlcr?;ir?. rsegllijclja(r:ucrczlpd(\:::)ujvi;:eaisgr()e;e o

dotted curve—N(o o) with o4;=0; the dashed curve represeito /3)
(a,n=1,..M) with og;z=0.
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Let us now consider an infinitely long, slightly disor- most exactly an infinitely long chain with the equivalent
dered chain. Two possible types of disorder will be considdengthN=<35.
ered:(1) diagonal disorder, i.e. random straggling of site lev-  The standard deviatiom was varied from 0.08/ to
els e, near their average valye ) =0, and(2) off-diagonal  0.3W for diagonal disorder and from 0.0 to 0.1W for
disorder, i.e. straggling of the interaction matrix elementsoff-diagonal disorder. For every g,y Or oo there is an
Vnh.n+1 Near their average valug/,, ,+1)=V=0.25V (Wis  equivalent regular chain lengti(o) which gives the same
the bandwidth of a long regular chainThe straggling is decay rate at zero temperature. Figure 1 shlw®rsuso 4,
described by a Gaussian distribution with standard deviatioand o . According to Fig. 1, off-diagonal disorder with
04ia IN the former case and; in the latter case. standardo is approximately equivalent to diagonal disor-
The cases of diagonal and off-diagonal disorder wereler with standard deviationa®y. For estimation purposes,
considered separately. For given;, or o, 1000 realiza- considering diagonal and off-diagonal disorder as indepen-
tions of a chain with random sets ef, or V, ,.; were con-  dent random processes, simultaneous diagonal disorder with
structed. The systertb) was solved numerically for every standard deviatiomr g, and off-diagonal disorder with stan-
realization. The boundary conditiofY) for a chain closed dard deviatiorno can be reduced to diagonal disorder with
into a ring was used to avoid edge effects; such a ring ofhe standard deviationo€,+ 9024) *2
lengthM >N models almost exactly an infinitely long chain It was found that the temperature dependence of the de-

(N is the length of the equivalent regular cheitt was veri-  cay rateI'(T) for an infinitely long disordered chain can be
fied numerically that a ring with lengthl =100 models al-  gpproximated well by that of a regular chain with the corre-

Decay rate
Decay rate
'

2
1 |
0 0.5 1.0 0 0.5 1
Temperature / bandwidth Temperature/bandwidth
30 40
b b
30T

Decay rate
Decay rate
N
o

10; .................................................................

| 1 1
0 0.05 0.1 0.15 0.2 '
0 0.1 0.2

Temperature / bandwidth Temperature/bandwidth

FIG. 2. Temperature dependence of the radiative decaylTdte a chain  F|G. 3. Temperature dependence of the radiative decayl¥dte a chain
with diagonal disorder in units of that of the monomer. The thick solid line with off-diagonal disorder in units of that of the monomer. The thick solid
is for an infinitely long disordered chain withy,= 0.3 (a) and 0.05b). The  |ine is for an infinitely long disordered chain with,s= 0.1 (a) and 0.01(b).

thin solid line is for a regular chain of lengti=8 () andN=31 (b) that  The thin solid line is for a regular chain of length=8 (a) andN=35 (b)
best simulates a disordered chain. The dotted line shows the standard devi@at best simulates a disordered chain. The dotted line shows the standard

tion of I for random realizations of a disordered chain. deviation of " for random realizations of a disordered chain.
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The role of electron—electron collisions in the formation of spin-polarized current states in a spin
guide—a system consisting of a nonmagnetic conducting channel wrapped in a grounded
nanoscale magnetic shell—is studied. It is shown that under certain conditions the spin guide can
generate and transport nonequilibrium electron density with high spin polarization over long
distances even though frequent electron—electron scattering causes drifting of the nonequilibrium
electrons as a whole. Ways to convert the spin-polarized electron density into a spin-

polarized electric current are proposed.2003 American Institute of Physics.

[DOI: 10.1063/1.1596594

1. THE SPIN-GUIDE IDEA spin polarization is produced in a nonmagnetic conductor by

Spintronic devices based on a spin degree of freedom ir(?Iectrons injected from the magnetic material. In the spin-

addition to charge may lead to new possibilities in informa-Igu!det.SCh(em.e ndonequ:cllbrlum elebc;tror?shwnh onte ;ypte o:/lpo-
tion processing and storage. Efficient spin injection into garization ispin down, for examplewhich penetrate 1o

semiconductor and long-distance propagation of a spin signgore easily than electrons with the other type of polarization

are the main requirements for the development of spintroni 0 not return into the channel because the external pound—
devices. Most methods for producing stationary spin polar&/1€S of the magnetic shell are grounded. So, as the distance
ization are based on spin injection through a “magnetic confrom the channel entrance increases, the polarization of the

ductor(M)—nonmagnetic matteN)” interface; we shall re- electric current increases because of spin-down carrier deple-
fer to it as a spin-filter schemeee, for example, Refs. 1)-3 tion. Note that the spin-guide scheme exploits the removal of

Recently, we have proposed a new method for generatir;?ne spin c_omponent. Therefore t_o incr_ease the spin polariza-
and transporting currents with high spin polarization—a spirt'°" the thickness of the magnetic region must be decreased

guide schemé This scheme was proposed as a nonmagneti¢in contrast to the spin-filter schemdhat is why nanoscale
conducting channel which is wrapped in a magnetic shelphells are preferable for the spin-guide scheme. As we have
whose external boundaries are grounded; see FigNdte ~Shown elsewher? the spin-guide scheme removes some
that there is no need to wrap a magnetic shell around thidtrinsic limitations of the spin-filter schemes) the spin
nonmagnetic conductor; a contact between it and th@olarization of the current in a spin guide can be much
grounded magnetic material is sufficiontlere, unlike the dreater than the spin polarization in the magnetic material;
spin-filter scheme, current flows along the M—N interface.this is never possible in the spin-filter schemg;tfie spin
The spin-guide scheme is based on the removal of one spipPlarization of the current can be transported over arbitrarily

polarization; this contrasts with the spin-filter scheme wherdong distances, in contrast to the spin-filter scheme where the
transport length is of the order of the diffusion spin-flip

length. In the spin-guide scheme the negative role of spin-
flip processes is smaller than in the spin-filter scheme in a
magnetic shell and in a nonmagnetic chanrfelji) spin
guides allow easy detection and control of the spin polariza-
tion which do not require magnetization inversion of the
magnetic material; ivone-dimensional wires can be used as
; N a nonmagnetic channel for the spin-guide; it is well known

X . that a no-backscattering 1D spin-filter is impossible if the

_ 0 . magnetic material is not completely polarized; finally,
/////?/ the_re are a number_ of spip—gqide—specific effects, some of

which enable the spin polarization of the current flowing in a

= spin guide to be observed directly.

FIG. 1. Spin-guide schemd.is the distance between the grounded conduc- In th_is paper we ShOW that the a_dvantages of spin guides
tors. over spin filters remain largely valid even though normal

|
id

G -~

1063-777X/2003/29(7)/3/$24.00 606 © 2003 American Institute of Physics



Low Temp. Phys. 29 (7), July 2003 Gurzhi et al. 607

electron—electron g—e) collisions are the most frequent interfaces, and let the origin of the coordinate system be
scattering processes. located at the center of the entrance into the chatfigl 1).
Grounding the external boundaries is equivalent to the con-
dition u, | (z==d/2)=0. For definiteness, we shall assume
that the magnetic shell is transparent to spin-down electrons.
For distances from the entrance such tkatd, the steady-
Normal electron—electron collisions play an essentialstate solutions of Eqgl) and(2) are
role in spin-guide schemes. This is becauseethe interac-
tion leads to momentum exchange between the spin-up and M;=a+ bx, u;=0, (©)
spin-down electron subsystems, thereby establlshlng a drl%herea andb are arbitrary constantshe relation betweea
of the current carriers as a whole in the nonmagnetic chan- : . -
- . . andb is determined by the boundary conditions at the chan-
nel. As a resulte—e collisions depolarize the current in a o .
) . ! nel entranck Writing the corresponding currents from Eg.
spin guide.(In compensated conductors there is no effect - . .
. . . (2) shows thate—e collisions radically suppress the spin po-
because no electric charge is transferred when the carrie[s’.~ )
. ) arization of the current:
drift as a whole. However,e—e scattering does not affect
the spin polarization of the nonequilibrium carrier density P A |1 -
g . - T VE—E
because the total spin is conserved in these collisions. So, a=—"—=|1+—| =|1+ ' (4)
. . . . JT+ Jl pin 4
together with the drift of the nonequilibrium carriers as a
whole there is spin polarization of the density in a spinwhere, is the electron—impurity collision frequency. Thus,
guide. Accordingly, the aforementioned advantages of thes mentioned above, the spin polarization of the electric cur-
spin-guide scheme are substantially preserved. We shajknt tends to 1 when electron—impurity scattering predomi-
show below that Spln-polarlzed denS|ty can be converted int@ates over electron—electron Scattering, p@e/ v;—0, and
spin-polarized current. Therefore the spin-guide schemgice versae tends to O(the spin currents will tend to be
could become quite effective as temperature increases. Nokgjualized as the spin drag coefficient, which is proportional
that under certain conditions normeate scattering predomi- - to thee—e collision frequency, increases. On the other hand
nates in a two-dimensional degenerate electron gas in highhe relative spin polarization of the electron density is com-

2. THE ROLE OF ELECTRON—-ELECTRON SCATTERING IN
SPIN GUIDES

mobility heterostructures; see, e.g., Ref. 6. pletely dependent on the—e collision frequency:
We use the macroscopic transport equations derived by
Flensberget al’ taking account ok—e scattering. We con- _ony—én M Ty
sider the case of infrequent spin-flip scattering, +&> 7ec B= eUIT  eU - ®)

(75t is the spin-flip scattering time antl, is the electron— _ _ _
electron Scattering tin)eWe rewrite Eqs(la) and (1b) of HereeUIl is the maximum pOSSIble Change of the electron

Ref. 7 in the form density in the potential between the ends of the spin guide
I andlIl is the electron density of states at the Fermi level in a
o ello i
divj; = _( >(IU*TL_:U“H)’ (1) nonmagnetic conductor.. o _
Tst We note that the spin polarization of the electron density

1 . 1, -1 —1. may be converted into essentially 100% spin polarization of
—€ Ve =i TAN (T 0 ) @ the electric current. This can be done in different ways. First,
Herej, are the current densities of the spin-up and spin-extra local impurity concentration near the exit from the spin
down electrons, respectivelyy,, are the electrochemical guide can be used. Then electron—impurity scattering pre-
potentials of the spin-up and spin-down electrops; are  dominates over electron—electron scattering in this region. A
the resistivitiesg is the electron chargey; | are the electron comparatively short dirty region whose width is of the order
densities;A~e ’mv.Ny, is thee—e spin drag coefficient;  of d will be adequate for this purpose. Another method is to
Vee= 7-e’elocT2 is the e—e collisions frequency;n,, is the  use electrostatic constrictions or atomic wires at the exits of
lower of the electron densities with the two spin componentshe nomagnetic channel; the transport mean free path in the
g '=II7 1+ *, wherell,, are the densities of states at constriction must be less than the electron—electron mean
the Fermi surface. The second term on the right-hand side dfee path. For atomic wire@ne-dimensional quantum point
Eqg. (2) describes the mutual friction of the two spin sub- contact$ the spin polarization of the current at the exit of the
systems, which leads to drift of the electron system as &pin guide is determined by the ratio between the electro-
whole. To simplify the problem we ignore the small term chemical potentialg:,; before the constriction and the elec-
related to anisotropic spin-flip scatterifg. trochemical potentiaj., outside the channel. Ik <pu..,

We consider a simple spin-guide model, i.e. a two-then the spin polarization of the current will be 100%.
dimensional geometry where the interface is a nonmagnetic Note that if the resistance of the constriction at the end
plate surrounded by magnetic layers with grounded externalf a spin guide is much higher than the channel resistance,
boundaries; see Fig. 1. Since we are concerned primarilthen the spin polarizatiog of the density in the channel will
with the role ofe—e scattering, we neglect spin-flip scatter- be constant, reaching its maximum val@e-1, i.e. the non-
ing and consider completely polarized magnetic layers onlyequilibrium density is completely polarized.

(for example, dilute magnetic semiconductors with giant  The research described in this paper was made possible
Zeeman splitting or completely polarized semimetals; seén part by Award No. UP2-2430-KH-02 from the U.S. Civil-
Refs. 3 and B Let thex axis be directed along and lie in the ian Research and Development Foundation for the Indepen-
middle of the channel and the axis perpendicular to the dent States of the Former Soviet UnigBRDF. The re-



608 Low Temp. Phys. 29 (7), July 2003 Gurzhi et al.

search performed by E.N.B. and U.L. was also funded by the*R. N. Gurzhi, A. N. Kalinenko, A. I. Kopeliovich, and A. V. Yanovsky,
U.S. Department of Energy, Grant No. FG05-86ER-45234. LANL cond-mat/01090412001); Fiz. Nizk. Temp.27, 1332(2001) [Low
Temp. Phys27, 985 (2000)].
. . 5R. N. Gurzhi, A. N. Kalinenko, A. I. Kopeliovich, A. V. Yanovsky, E. N.
*Reported at the 3rd International Workshop on Low Temperature Micro- Bogachek, and Uzi Landman, LANL cond-mat/030112203.

g:avity ?hysics(pWS-ZOOE}. M. J. M. de Jong and L. W. Molenkamp, Phys. Rev5B 13389(1995.
E-mail: gurzhi@ilt. kharkov.ua 7K. Flensberg, T. S. Jensen, and N. A. Mortensen, LANL cond-met/
0107149.
8R. A. de Groot, F. M. Mueller, P. G. V. Engen, and K. H. J. Buschow,
1A, G. Aronov, JETP Lett24, 32 (1976. Phys. Rev. Lett50, 2024(1983.

2J. C. Egues, Phys. Rev. 8, 4578(1998.
3R. Fiederling, M. Kein, G. Reusher, W. Ossau, G. Schmidt, A. Waag, andThis article was published in English in the original Russian journal. Repro-
L. W. Molenkamp, NaturgLondon 402 787 (1999. duced here with stylistic changes by AIP.



LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 7 JULY 2003

On the propagation of acoustic waves in quasi-two-dimensional conductors
in a quantizing magnetic field
0. V. Kirichenko* and V. G. Peschansky

B. Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences
of Ukraine, pr. Lenina 47, 61103 Kharkov, Ukraine

O. Galbova, G. Ilvanovski, and D. Krstovska

Faculty of Natural Sciences and Mathematics, Physical Institute, P.O. Box 162, 10000 Skopje,
Republic of Macedonia
(Submitted December 11, 2002

Fiz. Nizk. Temp.29, 812—816(July 2003

The damping of acoustic waves propagating perpendicular to the layers of a quasi-two-
dimensional conductor is analyzed for the case of low temperatures, at which the energy
quantization of the conduction electrons leads to an oscillatory dependence of the acoustic damping
coefficient on the inverse magnetic field. The acoustic damping decrement is found for

different orientations of the magnetic field with respect to the layers. It is shown that that a layered
conductor is most transparent for an acoustic wave in the case when the magnetic field is
perpendicular to the layers. @003 American Institute of Physic§DOI: 10.1063/1.1596595

Acoustoelectronic effects in degenerate conductorsnteraction of the charge carriers with the wave and is deter-
placed in a sufficiently high magnetic field are extremely mined by the dissipative function of the electrons,
sensitive to the form of the energy spectrum of the charge
carriers' 3 The experimental study of these effects in metals Q:Td_S (1)
in the case when the gyration frequerfeyof the electrons in dt’

the magnetic field is much higher than their collision fre-here s is the entropy density of the conduction electrons,
quency 1# has permitted the complete recovery of the Shap%vhich is related to the nonequilibrium density matfbby
of the Fermi surface, the main characteristic of the electroqnhe relatiofi”

energy spectrum.

At sufficiently low temperature§, when the distance S=tr{fInf+(1-F)In(1-F)}. 2
between electron quantum energy levals=#4() is signifi- o ] ) o
cantly greater than the temperature smearing of the Fermjin® Summation |n(2). is over all variables spemfymg the _
distribution function of the charge carriefig(¢), the acous- State of the conduction electrons except for the spin vari-
tic damping decrement undergoes resonance oscillations ables. _ . . . .
with variation of the inverse value of the high magnetic field ~ The density matri¥ must be determined with the aid of
(Qr>1). the kinetic equation

In degenerate conductors having a layered structure the . R
electron energy specFrum i; substantially anisotropic and, as ‘9_+\7‘9_f+[|:|0+ Ay, f]=\7Vcou{?}, 3)
a rule, is quasi-two-dimensional. The eneeggf the charge gt or

carriers in quasi-wo-dimensional  conductors dependg, i, (f) is the collision operator of the charge carriers
weakly on the momentum projectigory onto the normah to ) collt” . operat . g o
the layers, which describes their scattering by impurity atoms and vibra-

The specifics of the quasi-two-dimensional electron entions of the crystal lattice, i.e., phonons is the Hamil-
ergy spectrum of layered conductors are manifested in afpnian of the conduction electrogs in the magnetic field, and
enhancement of quantum oscillation effects in comparisoiY iS their velocity operator, anéi; is a correction to the
with ordinary metals, since a rather large number of chargeinperturbed Hamiltoniahl, to take into account the pertur-
carriers with the Fermi energyr are involved in their for-  bation of the electron system by the acoustic wave.
mation. At the same time, the low electronic conductivity of In a vibrating lattice the electron energy spectrum is sen-
layered conductors along the normal to the layers leads tsitive to the strain of the crystal, and in the linear approxi-
acoustic transparency for waves propagating perpendicular tmation in the small displacement of the lattice ions the
the layers*® In this connection let us consider the propaga-energy of the conduction electrons acquires an additional
tion of an acoustic wave in the easiest direction for it,amount dSe=A; (p)uy, Where u;=(1/2)(u;/Ixy
i.e., along the normal to the layers of a quasi-two-+du,/dx;) is the strain tensor, anl;, is the deformation
dimensional conductor placed in a magnetic fieltli potential tensof.lt is natural to assume that the energy spec-
=(0,H sin 6, H cosé) inclined at an angl® to the wave vec- trum of the charge carriers remains highly anisotropic after
tor k and the norman. renormalization by the sound wave. The components of the

At low temperatures the absorption of energy fromdeformation potential tensor in the plane of the layers is of
sound waves in a degenerate conductor is mainly due to ththe same order of magnitude as the Fermi energy of the

1063-777X/2003/29(7)/4/$24.00 609 © 2003 American Institute of Physics
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electrons, while the components for which one or both of theyhich essentially contains only one differential operaf%;{,
indices isz are significantly smaller. It follows from conser- = —i#(4/9x), should be sought in the form

vation of the number of charge carriers that each of the ten- i ,

sor componenta,;, averaged over all states of the conduc- ¥ (X:¥:2) = eXp(iPyy/fi+iP /) (). 1D

tion electrons is equal to zero. The energy of the electrons on closed orbits in the magnetic
In addition to renormalization of the energy of the field will depend on the generalized momeritg and P,

charge carriers a sound wave generates an accompanyiagich are “good” quantum numbers, and on the discrete

electromagnetic wave. The electric field of this wave in aguantum numben=0,1,2,3,....

reference frame moving with the vibrating crystal lattice In the summation in(2) over all the electron states,

with a velocity i has the form which are specified by the quantum numineand the gen-
- eralized momentd, and P,, it is more convenient to use
~ 1 ma o Y . .
E=E+ —(UxXH)— —, (5  combinations ofP, and P, in the form an integral of the
c e

motion: py=P,sing+P,cosh. Here is is necessary to
where E is the electric field in the nonmoving laboratory Specify an additional quantum number, eRy,, which in the
reference frame, which must be determined from Maxwell'squasi-classical approximation determines the position of the
equations center of the electron orbit in the magnetic field. Fbr
>#() one usually uses the time of motion of the charge in

i 2
4md) 1 9°E the magnetic fieldty, instead ofP, as the additional vari-

curl curl E=- ? E_ ? W’ divE=4mp’, able along withe andpy, in accordance with the equation
supplemented by the constitutive relations linking the current @: ﬂ( cos6—uv,sin6) Py _ ﬁ oS0
j to the electric field of the wave. Heteis the speed of light gty ¢ Yy vz " dty c Ux ’
in vacuum, andp’ is the uncompensated charge density,
which is asymptotically vanishing in the expansion in pow- 9Pz _ ﬁvxsina. (12)

ers of 1N, in conductors with a high density of conduction gty
electronsN,. To the same accuracy the charge conservation

In the quasi-classical approximation, when the main role
law has the form

in the electronic absorption of sound waves is played by the
divj=0. (6) charge carriers at energy levels with large values othe
wave function of the electrons can be found under the most
The damping of a low-amplitude sound wave can begeneral assumptions about the form of the Hamiltonian.
analyzed with the aid of the solution of the kinetic equationqgwever, in certain particular cases one can find the energy
(3), linearized with respect to the deviation of the densityspectrum and the wave function of the conduction electrons
matrix from the equilibriumf,, and the entropy production for arbitrary values of the high magnetic field, including the
ultraguantum limit. As an example of such a case we con-

ds_ Wo(F I 1-f 7 sider the simplest quasi-two-dimensional electron energy
a_tr coll( )nT (7) spectrum:
2 2
is a quadratic function of; = —f, and can be represented  4(p)= PPy o R os2Pe. (13)
in the form 2m h
- Herea is the distance between layers,= (2e/m)*2is the
d_S_ —tr Wy (Fy) fy ®) characteristic velocity along the layers for the electrons with
dt coil f1 fo(1—To) the Fermi energyr, m is the mass of an electron, ang

<1 is the quasi-two-dimensionality parameter of the charge-
The diagonal matrix elements of the equilibrium density ma-carrier spectrum.

trix fo are equal to the Fermi distribution function of the Substituting(11) into Eq. (10), we easily find that for
charge carrierdg,,=fo(en(pn)), Wheree,(py) are the ei-  anglesd that are not too large, specifically fartan6<1, in

genvalues of the Hamiltonialﬁo, andpy=p-H/H. the leading approximation in the small parameteiH/cmo
In a magnetic field the kinematic momentymin the  the electron energy levels have the form

expression for the energy(p) should be replaced by 1 voam

—(elc)A, whereP=—(i/%)(a/dr) is the generalized mo- 8n:(n+ E)ﬁﬂ \/1+ n tan” 6 cos{

mentum of the electron anél is the vector potential. If the

latter is chosen in the Landau gaug&=(0,Hx cosé, voh 5 mutarf 6 sir? ¢

—Hxsin ), then the Hamiltonian N C0s{— 7 2[1+ 7(voam/h)tar? 6 cost]’

(14)
where=apy /(% cosf) andQ)=eH/(mccosé). If the spin

will depend on only one coordinate, In this gauge for the ~SPlitting is not taken into account,, depends only on two

vector potential the solution of the Sckinger equation variables: the continuously varying and the discrete quan-
tum numbem, which enumerates the electron energy levels

HoW=¢cV, (100 in the magnetic field.

N . . € . e
Ho=¢ PX,Py—Echosa,PZJrEHxsine 9
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The kinetic equation linearized with respect to the weak  Here g(<p)=eE~v+ A, Mwk. The component of the de-
perturbation of the charge carriers by the acoustic wave ha®rmation potential can be described by the expression
the form ,

a mo
N,,= 7\ cosﬁ A=—2. (20

) i . A F: ’
—low+ g(gn_sm) f1nmt TKVaif2im—={Wean(f1) fam f 2

With the aid of Maxwell’s equation) and formulag4)
_ fO(sm) O(Sn)

(eE-v+ O\ UK s (15  one is readily convinced that in the case of a strong external
€m™ &n magnetic field (A 7>1) and forkvg7n<1l andw7<1 the
wherek is the wave vector of the acoustic wave. components of the field of the electromagnetic wave gener-

Using the solution of the kinetic equation, one can cal-ated by the sound wave have the form
culate the dissipative function and, dividing it by the acoustic

i i 2
energy flux density, obtain the damping coefficient for the Ele_wuH sing 1 '2’87 —,
sound wave: c 1-(By)*—2iBy
T_9s 16 E - UHsing By 21)
pU’w?s/2 dt (16) Y c Uns 1—(By)?—2iBvy?

Here p is the density of the crystal, arglis the sound ve- Here y=1/(Q7)<1, and the paramete= (Swp/uu)zwr
locity. can be quite large if the plasma frequensy has a value
We consider the propagation of a linearly polarized lon-comparable to the typical value for an ordinary metal. This
gitudinal waveu=(0,0u) along the normal to the layers of assumption is based on the fact that the conductivity in the
the conductor in the case when the following inequalityplane of the layers of organic conductors is of the same order
holds: as that of good metals. The formulas given for the electro-

magnetic field of the wave do not take into account the
T<hQ<nu a7
. ' . . Shubnikov—de Haas oscillations of the conductivity, the am-
where is the chemical potential. plitudes of which are a factor ofyu/# Q)2 smaller than
In the quasi-classical approximation the entropy producthe part of the conductivity that varies monotonically with
tion in the electron system can be written in the form the magnetic field.
ds 2eH Substituting expression®0) and(21) into formula(19),
At C(2nh)?s 2 j dpyWeg(f)™™ we obtain
3 2
fgm s [rosc_ ZTZ ﬁ)z eE f d,g( (Qfo(S))
X . s7a
fo(en[ 1~ fo(om)] pRrEen
~ 2
The diagonal matrix elements of the operatéysand X dZexd 2miNn(e, )]
W, (1) are quantities averaged over the different phases of 0
the quasi-classical electron trajectasy Oty . In the case of (kvorm)2 [ amug
closed electron orbits the off-diagonal matrix elemenfts X[ > S 7 tané |cos ¢+ F(y)tarf 0).

of the electron velocity operator are proportional to periodic
functions of the form cosi—m)e. (22
If collisions of ele_ctrons with phonons are extre_mely HereJ, is the Bessel function, and

rare, and the conduction electrons are scattered mainly by
impurity atoms, then the dissipative processes in the system 1+ B2y + B2y*
of charge carriers can be taken into account with the aid of F(¥)= 1— 22+ g2

o o o [1=(BY) I+ By
the relaxation-timg ) approximation for the collision inte-
gral. Applying the Poisson equation to expressi@8) and The second term in curly brackets in formy®) deter-
changing from integration over to integration overe, we  mines the Joule losses due to the electromagnetic fields ex-
can write the oscillatoryin the magnetic fieldpart of the  cited by the sound wave. The functi6ify) is of the order of

acoustic absorption coefficient in the form unity over a wide range of magnetic fields, and only under
conditions of resonance coupling of the acoustic and electro-

[ose— ‘;”2 2eH 42 ReE f ( ‘9f0(8)> magnetic waves, when the wavelength of the helicoidal wave
puU-w’s c(2mh) excited by the sound is comparable to the wavelength of the

acoustic wave, i.e,8y=1, does the functio(y) become
f dpy exp27iNN(e,py) | =—— of the order ofy ?>1. In the case considered here, the Joule
2w QT losses are much greater than the absorption due to the renor-
malization of the electron energy directly on account of the

2m 1 (e
X f de ﬁf de'g(e’) deformation of the crystal, when the external magnetic field
0 o deviates from the normal to the layers by an anggek| 7.
_ ® o' ]2 _ Performing the integration overande in (22), we ob-
X ex 2|kz(go’)—|§qo’+m_ (19 tain
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r 27N r
rose= S (~1)Np(NA)co H
kl =1 Q) 3
k/?’] 2 2 amog
X((T) J5 7 tand |[Jo(27Ny) ol
—J,(2wNY) ]+ F(9)Jo(2mNy)tar? 9], (23) 1+
5 i . 0 1 1 I 1 ]

wherel'o=mNcvow/4mps, N, is the density of charge car- 10.17 10.18 10.19 10.20 10.21 10.22
riers in the conductol,=vy7, w is the chemical potential, Ho/H

®(2)=12z/sinhz, A=272T/hQ, and xy=(nvo/hQ)[(%/a) _ _ o _
+ (ma/Zﬁ)tan 0] is equal in order of magnitude to,u,/ﬁQ. FIG. 1. Acoustic absorption (_:oeﬁlae_nt ina !ayered conductor as a function
of Ho/H (Ho=numder) in relative units for =0.01, T/pu=>5
At temperatures that are not too low, whén=1, the 153 y—¢.
amplitudel'°*is smaller by a factor of fu/# Q)2 than the

part of the acoustic damping coefficients that variessection on a plan@y=const, viz.,Sy, and Sy, then the

smoothly with magnetic field, ratio I' oso/ " on CaN be written in the form
r [hQ (—1N
Lol (kIn\? . [amv osc /MR T (NA
mon— k—? 777 2 z %tang +F(y)tarf 6|. (24 [ mon i szl JN (NA)
. . . . NC( Smax+ Smin)
In the quasi-classical approximation, wheju>#(), Xco W_WN
the following asymptotic expression is valid fors©
NC(Smax—Smin) 7
pose To sy (ZDMR(NA) S(zm\w) XCO{ 2eHh 4 (29

kl N=1 (Ny)Y? hQ

This case of anomalous acoustic transparency does not
take place for transverse polarization of the sound wave,
ulk, the damping of which is determined mainly by the
Joule losses for any orientation of the magnetic field.

amu
h

w\[ [kl7)\?2 )
X co ZWNX_Z - Jo tang

+F(y)tar? 6

. (25) *E-mail: kirichenko@ilt.kharkov.ua
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Processes of heat pulse propagation in nonconducting disordered systems containing thermal-
phonon trapping centef$wo-level systemsare investigated at low temperatures. The

main parameters of the model studied, containing two different two-level systems, are the heat
capacity of each of the subsystems and the relaxation time for the inelastic scattering of
phonons on the two-level systems. The influence of the interaction of phonons with the two-level
centers on the time of arrival of the heat pulse at the bolometer is calculated for different
densities of centers. The theoretical calculations are compared with the experimental data on the
propagation of slightly nonequilibrium phonons in solid solutions of rare-earth
yttrium—aluminum garnets and in two-phase ceramics at helium temperatur@®0®American
Institute of Physics.[DOI: 10.1063/1.1596596

INTRODUCTION rium phonong The model proposed in Ref. 4 made it pos-

sible to describe the main anomalies in the temperature de-

pendence and density dependenceTgf. In the present

paper this approach is developed further toward greater com-

(g{exity of the systems with allowance for phonon—phonon
attering and phonon decomposition processes.

The “heat pulse” method, based on analysis of the dif-
fusive propagation of slightly nonequilibrium phonons in-
jected into a sample by a “heat” generat@®/T<1, Sis the
amount by which the temperature of the generator excee
the thermostat temperatuig, is an effective way of study-
ing the defect structure of crystalline, amorphous, and ce-
ramic sample$-3 The main characteristics analyzed in suchGENERAL FORMALISM
studies are the time of arrival of the maximum and the shape Th . . :

. e propagation of a short heat pulse in a sample is a
of the heat pulse registered by the bolometer. In Ref. 4 %ubstantially nonsteady process. The presence of trapping
rather simple model was proposed for describing the pro- :

cesses of heat pulse propagation in YErAIO solid solutionsCenters can lead to spatial inhomogeneity of the system due
. b propage ..~ “to the position-dependent temperature dependence of the
according to which the trapping centers for nonequilibrium

honons are paramadgnetic erbium atoms. In these s Stemstsate of the trapping centers, i.e., it can lead to spatial disper-
P paramag o YSIEMB 1 of the effective diffusion coefficients. Using the ap-
the propagation time of the heat pulses is anomalousl

) : roximations adopted in Ref. 4 for describing the processes
large—two orders of magnitude larger than in analogous sy

o . of pul r ion in mpl ntaining two differen
tems with impurities of other rare-earth elements. It wa of pulse propagatio a sample containing two different

shown in Ref. 4 that this effect is due to the greater diﬁer?ﬂ'ss’ we can write the shape of the pulse in the Fourier
epresentation as

ence between the heat capacities of the phonons and impuri{y
two-level subsystems of a paramagnetic nature, since the in-  S(t,k)=A;(k)exp(—D (k) k2t) + A,(K)

elastic scattering of phonons on two-level systefkSs) B 5 B 2
leads to a change in shape of the pulse propagating through X exp(—Da(K)k7t) +Ag(k)exp( = D3(k)k").
the sample and to an increase in the time of arrival of the (1)
maximum of the pulsetr,, which is proportional to the in-  he giffusion coefficient®; (k) and the weight factora, (k)
crease of the heat capactlyof the sample upon introduction i, gq (1) are solutions of a secular equation of the following

of the impurity: 1C=cpy/(Ci+Cp), wherecynandc, are the o [the system of kinetic equations is analogous to system
heat capacities of the phonons and of the subsystems of tI@) (2) in Ref. 4):

TLSs. The number of such phonons increases with increas- 5
ing time of the diffusive propagation of the signal in the ~ (P+ N1+ NoI's+kDo+ 1) Sq(p,k) —N1I'1Sy(p. k)

. 2 -
absence of phonon trappm.g centerg+ L /2!)0 (_L is the_ — N, ,S(p,k) = S(0), )
length of the sample, and, is the phonon diffusion coeffi-
cient associated with elastic scattering gnliyor example, [P+ (Cpn/C10)T 1]S1:(p,K) — (Cpn/C1) T 1S4(p,k) =0,

the assumption of elastic Rayleigh scattering of phonons on
defects givF:estoocNLzT“, whe?/e Ngis the dengity cF))f TLSs. [P+ (Cpn/Ca)T'21Sat(P,K) = (Cpn/C20) I'2S4(p,K) =0.

Taking inelastic scattering into account leads to a complexdere S; is the deviation of the temperature of a subsystem
temperature dependence of the time of arrtyabf the maxi-  (i=q,1t,2t) from the thermostat temperatumg; is the den-
mum of the phonon nonequilibrium signal at the bolometersity of TLSs of typei, T'; is the rate of scattering of phonons
in samples containing TLS$rapping centers for nonequilib- per defect of type,

1063-777X/2003/29(7)/3/$24.00 613 © 2003 American Institute of Physics



614 Low Temp. Phys. 29 (7), July 2003 E. I. Salamatov

102 " T= 3.8K—
D’ D/ T=3.4K———
10 2 1 " T=3.2K——
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1074 . o , ®
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< ) ! t, us
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Aj FIG. 2. Shape of the heat pulgihe phonon nonequilibrium signatalcu-
10—4 lated with allowance for elastic scattering of phonons on two two-level
0.1 1' 1'0 * 1'60 1000 subsystems and for decomposition processes in the phonon system at differ-
’ KL ent temperatures. The dashed curve was -calculated Aferf0 and
T=3.2K.

FIG. 1. Spatial dispersion relation of the effective diffusion coefficients
D{=D; /Dy (a) and of the weight factorsy (b).

RESULTS AND DISCUSSION

Figure 2 shows the results of a numerical calculation of
Ci= (A /T)? exp(— Ay IT)/(1+exp — A /T))? the shape of the heat pul$®) at different temperatures. It
was assumed in the calculations that the diffusion coefficient
is determined by Rayleigh scatterin@,=0v2/3BT*, T
=T o exp(—A;/T), and the expressiohi,= AT® was used for
the phonon decomposition rate. The calculations were done

are the heat capacities of the TLSs and phonons, respefé2r the_lfoll_(iwing _valljzes_lof_sthe p_arameters:B
tively, A, is a parameter of the TLS, arth is the Debye 2008 K™% ~A=10""s *-K™> A;=45K, X

temperature. To describe effects of anharmonicity in the:9'106’ A;=29K, x,=06, Tp=630K, v:7_><105 cm
, andL=0.5 cm, wherex is the concentration of TLSs

framework of the simple model adopted in Ref. 4, it is nec-'S : .

essary to make two main approximations. The first is to tak&XPressed in formula units forsY ErAlsO;,. The fact that
into account only processes of decomposition of therma‘he calcu'lated curves are in completely satisfactory agree-
phonons. This is justified by the fact that in the experimentdle€nt  with — the -~ experimental = curves observed for
discussed below, the conditiorfw)<1 always holds, where Y3xErAls0y, solid solutions(see, e.g., Fig. 5 of Ref)3s
n(w) is the occupation number of the injected phonons. ThéN indication of the suitability of the model used. _
second is to assume that the long-wavelength phonons In the following d|scu_SS|on we re_stnct t_he analysis to
formed in the decomposition of thermal phonons propagat@"!Y Slow processes, which are dominant in the “phonon
ballistically and do not contribute to the shape of the diffu- ottleneck” regime. As was shown in Ref. 4, this regime

sive signal registered by the bolometer. The correspondin rises when the time for energy exchange between -the
term T, in Eqgs.(2) describes only the loss of phonons. honons and the TLSs becomes much shorter than the diffu-

The spatial dispersion of the effective diffusion coeffi- SION timeto. In that case the phonon propagation time is
cients obtained from a numerical solution of the characterisgleterm'ned solely by the effective diffusion coefficiédyy
tic equation(2) of the system is shown in Fig. 1. In the —CoPo (the plateau on the lower curve of Fig) and does

general case the parametérgk) and the dimensionless dif- "ot depend omry and 7,

and

Con=474(TITp)%/5

fusion coefficientsD/ =D;/D, depend on five parameters Ji+4aKki(T) -1

analogous to those introduced in Ref. 4;L()%2=(L/Ly)? tm(T)= 2K2(T) to(T)/Cy. 3
=2ty/7,, where 7; is the relaxation time of the phonons a

with respect to decomposition=£a) and to trapping by the For analysis of the decomposition processes we consider

subsystems of the TLSi€1,2); 1C;=cyn/(ContCitN;). a crystal without trapping centers, assumi@g=1. It fol-
The special points indicated in Fig. 1 are expressed in termws from Eq.(3) that the decomposition processes lead to

of these parameters as follows: nonmonotonicity oft,(T). At low temperatures the arrival
time of the maximum increases &, while at high tempera-
Ky=k,L, Ko=(KsL)2+(koL)?, tures it falls off by aT~ Y2 law. Such behavior of,,, which
has been observedn the system Al ,Lu,AlO;, can be
K= (KoL) 2+ (ksL)2+ (koL )Z, explained by a high rate of decomposition of the phonons.
Taking the phonon decomposition processes into account
szclkil(k§+k§+k§), makes it possible to explain the strong temperature depen-

dence of the negative derivatiwt,(T)/dT—temperature
dependence which is characteristic for systems with a large
(x>1.5) concentration of erbium atomsAs is shown in
=C4C,/(C1+C,—C4Cy). Ref. 4, thet,,(T) dependence calculated without taking de-

Co=Cpn/(Cpnt C1tN1+C(N3)
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10° sion coefficient in single-phase ceramics depends in a com-
plicated way on the method of preparation and heat treatment
y of the sample§, the latter is valid only for sample 1, which
\%\B‘E\O was annealed at the same temperature as the “base” sample
m102— (see Ref. B
N\E 0.01 Under the condition (+y)cy>YycCye the temperature
o // dependence of the effective diffusion coefficient takes the
e 0.05 form D¢«(T)=Dy(T)/T?. For a weak dependence &f, on
S 10F temperature this can lead to a change in sign of the derivative
/ dD/dT upon going from the “base” sample to the cermets,
0.23 as has been observed experimentafijgure 3 show® .«(T)
for y=4.9x10 2 J/(mole K?) and for several values of
1F on the assumption th@y T~ %S Unpublished experimen-
B L . tal results made available to us by the authors of Ref. 6 are
2 3 4 5 shown by the squares. It is seen that the calculated curves are

T K in good correspondence with the experimental data. How-

FIG. 3. Temperature dependence of the effective diffusion coefficient forever, additional experiments are required in order to reach

several values of the metallic phase concentrafiotine squares indicate the definitive conclusions.
experimental points for the “base” sampl@ippe) and for sample 1

(lowen.®
- _ CONCLUSION
composition processes into account for a single TLS has a
nonmonotonic character: initiallyfor T<A) the time in- A refinement of the model proposed in Ref. 4 has made

creases exponentially, while at higher temperatutg(d) it possible to describe a large number of experimental results
falls off by a law close to I (A<Tp). The decomposition on the propagation of phonons in samples containing impu-
processes can lead to a stronger power-law dependence aty two-level systems. The fact that the parameter intro-
the high-temperature part of thg(T) curve, so that,(T) duced is of a general character has made it possible to com-
*=1/T> at large values of the anharmonicity constant. pare our results with experimental data obtained both for

The fact that the phonon propagation time in the “pho-solid solutions of yttrium—erbium garnets, where the trap-
non bottleneck” regime is independent of the valuesrof  ping centers are paramagnetic erbium atoms, and for insulat-
and 7, allows one to apply the results found to a wider classing ceramics containing metallic inclusions as trapping cen-
of systems. Among such systems, it appears, are two-phasers.
ceramics consisting of an insulating matrix with a small con-  The author is grateful to S. N. Ilvanov and E. N. Khaza-
centration of metallic inclusiong&cermets. Indeed, the high  nov for fruitful discussions and for providing the opportunity
electronic heat capacity of the metallic particles allows oneo use their experimental data prior to publication. This study
to assume in a first approximation that they are point centera/as supported by the Russian Foundation for Basic Research
for the trapping of phonon energy, and the electronic heatGrants Nos. 03-02-16233 and 01-02-964162
capacity of the particles at the temperatures of the experi-
ment(2—4 K) can be much larger than the phonon heat ca-
pacity of the matrix. This should lead to small values of the
parameterC,, which, according to the proposed model, is *Presented at the Third International Workshop on Low Temperature Phys-
responsible for the delay of the propagation time of the heatics in Microgravity EnvironmentCws-2002

. . . . . ** E-mail: salam@otf.pti.udm.ru

pulse in such systems in comparison with systems without
phonon trapping centers. Because of the different tempera———
ture dependence of the heat capacity of the electron and pho-
non subsystems, the contribution of the metallic phase to the
formation of _the phonon nonequilibrium signal can be ob- !R. J. van Gutfeld and A. H. Nethercot Jr., Phys. Rev. LE2t.641(1964).
served experimentally. 2S. N. Ivanov and E. N. Khazanov, ZHkEp. Teor. Fiz.88, 294 (1985

The time of passage of a heat pulse through single-phasesov. Phys. JETB1, 172(1985].
corundum (A}O;) ceramics and corundum-based cermets®S. N. vanov, A. G. Kozorezov, A. V. Taranov, and E. N. Khazanov,

containing up to 20% steel was studied in Ref. 6. Let uséh'I E'S‘;f’ér:zg;lizhlyzq;j%l(sltﬁ) 58‘(‘2585’5' JETHS, 880(199D].

estimate the value of the parame%(T):(l_y)Qph/[(l °B. A. Danil'chenko, D. V. Poplavskj S. N. Ivanov, A. V. Taranov, and
—Y)CpntYCuel, Wherecy=yT is the heat capacity of the  E. N. Khazanov, Zh. Esp. Teor. Fiz.112 326 (1997 [JETP85, 179

electron system. The Debye temperature of corundum is,(1997].

1042 K. Assuming that the value of for iron is 4.9 gég'('zg'ggov’ E.N. Khazanov, A. V. Taranat al, Phys. Solid Statd3,

-3 2y 7 ; _ _
%10 . J/(mole K<)," we OptamDeﬁ—CoDo—o-OlDo for a 1. S. Grigor'ev and E. Z. Mgikhov, Physical Constant§in Russian,
metallic phase concentration=0.2 and a temperatur@ Nauka, Moscow(1991).

=3.8 K. This estimate is in good agreement with 8S. N. Ivanov, A. G. Kozorezov, A. V. Taranov, and E. N. Khazanov,
experimerﬁif it is assumed thabD , can be taken equal to the Zh. Bksp. Teor. Fiz102 600(1992 [Sov. Phys. JETRS, 319(1992)].

diffusion coefficient of the “base” sample. Since the diffu- Translated by Steve Torstveit
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PERSONALIA

Igor’ Mikha Tlovich Dmitrenko (on his 75th birthday )

[DOI: 10.1063/1.1596597

July 24, 2003 is the 75th birthday of Igor’ Miktiavich
Dmitrenko, a prominent member of the National Academy of
Sciences of Ukraine. I. M. Dmitenko’s scientific activity has
focused exclusively on fundamental and high-priority re-
search in the field of superconductivity and superconducting
electronics. Studies published in the 1960s on a new class 1
guantum coherence effects, the brilliant experiments on th
world’s first observation of the ac Josephson effect, brough
him wide renown and international recognition. His pioneer-
ing studies on quantum interference, magnetic flux quantiza
tion, the observation of macroscopic quantum tunneling ef:
fects, and dynamical chaos in SQUIDs have become classi

I. M. Dmitrenko has initiated and headed many studies
in the field of applied science, directed toward the utilization
of the achievements of the physics of superconductivity ir
modern electronics. He founded a school of experiments
physicists and engineers, many of whom have become lea
ers in new scientific fields.

On I. M. Dmitrenko’s initiative a Physicotechnical
School was founded at Kharkov Polytechnical Institute in
1972, and later a Department of Technical Cryophysics was
set up, where I. M. Dmitrenko for many years pursued pedaand about his favorite animals, which that have been his
gogical and methodological activity. companions since childhood.

The scientific activity of I. M. Dmitrenko has been re- I. M. Dmitrenko has been awarded the Order of Merit of
flected in numerous articles, reports, and monographs. In raJkraine in Science, the State Prize of Ukraine, and the
cent years two books of his recollections about his lifeMedal of Honor.
choices, on the founding and growth of the B. Verkin Insti- We warmly congratulate I. M. Dmitrenko on his birth-
tute for Low Temperature Physics and Engineering of theday. We wish him robust health and well-being, fruitful sci-
National Academy of Sciences of Ukraine, with which heentific activity, and bright new reflections of his talented,
has been continuously affiliated throughout his life, andcreative nature.
about the people he has known, about events and curiosities, TheEditorial Staff
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Arnol’'d Markovich Kosevich  (on his 75th birthday )

[DOI: 10.1063/1.1596598

July 7, 2003 is the 75th birthday of the prominent theo-
retical physicist Arnol’d Markovich Kosevich, a Correspon-
dent Member of the National Academy of Sciences of
Ukraine, the Head of the Theoretical Department of the B.
Verkin Institute for Low Temperature Physics and Engineer-
ing, National Academy of Sciences of Ukraine, and a Profes-
sor at Kharkov National University.

The name of A. M. Kosevich is linked with a number of
fundamental problems of solid-state theory. Together with 1.
M. Lifshits, he constructed a complete theory of quantum
oscillation effects in metals. The Lifshits—Kosevich formula,
obtained in 1954, made it possible to compare the results of
experimental research on quantum oscillations of the mag-
netic susceptibility of metals with the shape of the Fermi
surface. This result has gained international recognition, and
it is included in all monographs, textbooks, and review ar-
ticles on the electronic theory of metals and is still cited in
original papers.

Another important area of scientific activity for A. M.
Kosevich is the theoretical study of the mechanics of reafures, including magnetic vortices and magnetic skyrmions
crystals. He proposed a field approach to the theory of disin two-dimensional magnets. A. M. Kosevich formulated the
locations, which is of fundamental importance and has beefoncept of dynamical solitons in nonlinear media as bound
the most fruitful approach in the theory of plasticity, and hestates of a large number of elementary excitations. This re-
also did research on dynamic and kinetic phenomena in crygearch was reflected in the monograganlinear Magneti-
tals containing defects. An indication of the authority of Prof. zation Waves. Dynamical and Topological Solitdids M.
Kosevich in this area was his participation in writing the Kosevich, B. I. lvanov, and A. S. Kovalev, 198&n impor-
“Dislocations” section of theTheory of Elasticitwolume of ~ tant role in popularizing the ideas of nonlinear physics was
the Course of Theoretical Physics series by L. D. Landau anglayed by the monograpitroduction to Nonlinear Physical
E. M. Lifshitz. A. M. Kosevich wrote the monogragbislo- ~ Mechanics(A. M. Kosevich and A. S. Kovalev, 1989
cations in the Theory of Elastici978 and a monographic A. M. Kosevich is one of the most prominent represen-
review of the same title in F. Nabarro's encyclopedic seriedatives of the Kharkov school of theoretical physics, founded
Dislocations in Solid§1979. The theoretical study of elastic PY L. D- Landau, A. 1. Akhiezer, and I. M. Lifshits, and he is
twinning of crystals played a large role in experimental re-the author of more than 230 scientific papers and review

search on this phenomenon and served as the basis for tﬁétides and 8 monographs. In recognition of his scientific
monographReversible Crystal PlasticitjV. S. Boyko, R. | achievements he has been awarded the Order of Merit of

Garber, and A. M. Kosevich, Moscow, 1991: New York, Ukraine in Scienc_e an_d Technology and has won several
State and academic prizes of Ukraine.

A. M. Kosevich has played a significant role in the es-
tablishment and operation of our journal, serving as a mem-
rber of the Editorial Board for all of the years of its existence,
f?)r 15 of which he served successfully as the Assistant Editor
in Chief.

Prof. Kosevich arrives at his 75th year in the flower of

In the 1970s A. M. K ich and hi ; his creativity and scientific activity.
n the s A. V. ROSEVICh and nis group ot co- We warmly congratulate Prof. Kosevich on his birthday
workers began their studies in the field of nonlinear dynam-

) ) ) ) and wish him good health and well-being, creativity, and
IS 9f solids on the bg5|s of modern slol|ton theory. Theyfruitful scientific activity for many more years to come.
obtained a number of important results in the study of non-

linear dynamics of magnetically ordered media and, in par-
ticular, in the description of magnetic solitons of various na-

1994. A. M. Kosevich’'s monographBrinciples of Mechan-
ics of the Crystal Lattic€1972 and Theory of the Crystal-
Lattice (1988 have become reference works for investiga-
tors doing research on the physics of crystals. In recent yea
A. M. Kosevich has continued to work in this field, concen-
trating on the topical problems of the dynamics of layered
crystals and superlattices.

The Editorial Staff
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