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The results of research on the plasticity and strength of a wide class of metal oxide perovskite-
like compounds which have the property of high-temperature superconductivity or which

can be used as base compounds for making high-temperature supercon@tdt®®s are
systematized and presented from a unified point of view. The mechanical properties of

materials with different morphology—single crystals, polycrystals, and composites,—measured
by different methods of mechanical testing in the low-temperature, room-temperature,

and high-temperature regions, are discussed. The characteristic defects of the crystal structure for
these compounds are considered, the crystallography of two modes of plastic deformation—

slip and twinning—is described, and the stress-induced structural rearrangement of the twin
structure that appears at a high-temperature phase transformation is discussed. The features

of plastic deformation and fracture of metal oxide materials due to structural microdefects
(dislocations, impurities, twin and grain boundayiead macrodefectssoids, cracks,

heterophase inclusionare noted, and the role of heavy-cation diffusion in the kinetics of high-
temperature deformation is discussed. The influence of structural phase transformations

and the superconducting transition on the mechanical properties of metal oxides is considered.
This review is a continuation of a review of the elastic and acoustic properties of HTSCs
published earlier by the authors in Fiz. Nizk. Ten2d, 475(1995 [Low Temp. Phys21, 367

(1995]. © 2004 American Institute of Physic§DOI: 10.1063/1.1739131

INTRODUCTION form thin wires and ribbons. One of the main problems of
_ HTSC materials sciences is therefore to optimize the me-

. Alr,nos_t two decades have pags_ed since Bednorz anghanical and superconducting properties. This problem is
Muller_s_dlscover)} of supercondgctlvny with an unusually solved by using various technological treatments of the base
high critical temperatur&,=35 K in L&_,Ba,CuG, ceram- metal oxide compounds: doping, special thermomechanical

ics. This observation opened up a new subfield in the pro treatments, fabrication of composites or thin films based on

lem of superconductivity—high-temperature superconductlv—HTSCs, otc.

lty. In the years since then, considerable progress has been Intensive research in the field of HTSC materials science

hieved in r rch both on the physical nature of phenom- . : . . . .
achieved in research both on the physical nature of pheno continues, directed mainly toward improving the functional

enon of high-temperature superconductivity itself and on the " £ th terials. N hi s in this di
practical application of materials possessing this propert)PrOper Ies of these materials. INew achievements in this di-

The enormous efforts of physicists, chemists, and materialgecuon are reflected in the reports at recent international fo-
scientists around the world have largely focused on thdums: 9 13th International Symposium on Superconductiv-

search for new materials with ever higher valuesTgfisee 1V (ISS 2000, Oct. 1416, Advances in Superconductivity
the diagram in Fig. }l and T, has been pushed to 164 (& XIll, Tokyo,-J-apan; 2 14th International Symposium on Su-
mercury-based HTSC under pressdreAn important perconduct!v!ty(ISS 2001, Sept. 25-27, Advances in Su-
achievement in recent years has been the discovery of supdtérconductivity XIV, Kobe, Japan;)th European Confer-
conductivity of magnesium diboridewhich has the highest €nce on Applied SuperconductiviEUCAS 200], Aug.
value of the critical current. 26-30, Lyngby, Denmark;)4Norkshop on Hight, Super-

Besides metal oxide compounds with the perovskite latconductivity, Williamsburg, Virginia, June 7-8, 2002) 5
tice and magnesium diboride, high-temperature supercontopical Conference of the International Cryogenic Materials
ductivity with T,~40 K has also been observed in a newConference ICMC 2000 “Superconductors for Practical Ap-
allotropic form of carbon—g fullerite doped with alkali ~plications,” Xi'an, China, June 16-20, 2002.
metal§ (this system is sometimes called the first organic ~ As a rule, metal oxide HTSCs are prepared from pow-
HTSC). The injection of holes into & crystals has made it ders of the initial components by various ceramic technolo-
possible to raisd . to 52 K? and the introduction of tribro- gies and are therefore often called HTSC ceramics, the term
momethane has given a record hiff=116 K.1° Supercon-  “ceramics” being used in the broad sense without regard to
ductivity has also been observed in carbon nanottibes. the details of the morphology of the samples.

The wide application of metal oxide HTSCs is greatly One of the important subfields of the physical materials
impeded by their poor mechanical properties. These comscience of HTSCs is the study of the plasticity and strength
pounds are hard and brittle and are difficult to make in theproperties of these materials. Such studies are done over a
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FIG. 1. Chronology of the increase of the critical temperafiy@f superconductors.

wide range of temperatures, from helium to pre-melting, andsamples in hardness measureméfits detwinning in the
the experimental objects are bulk samples with various momeighborhood of the impression of an inderfeft® and
phology: single crystals, polycrystals, and grain-orientedmicrocreep'®~?*Reliable measurements of the yield point of
samples obtained from the melt; granular/porous structurea ceramic can be made under conditions of hydrostatic pres-
(polycrystal$ prepared by the methods of solid-phase sintersure, which prevents the development of brittle creékis
ing of oxide powders; composites obtained by the introducsome cases the plasticity of polycrystals is due to intragrain
tion of particles of metals or simple oxides into metal oxideslip of lattice dislocations, and at elevated temperatures a
materials and also by the conjoining of bulk elements of suctteramic will manifest significant plasticy22and even su-
systems. Less studied are the mechanical properties of seperplasticity, which are due to dislocation-diffusion
eral special types of HTSC samples which are of importancerocesseé?"?2and grain-boundary sliff*2°
from an applied standpoint: finémicron and nanometgr This review is devoted to generalizing the main results
wires and ribbons, films, heterostructures, etc. Informatiorof research on the plasticity and fracture of metal oxide
about the mechanical properties is important both for devisHTSCs, and it can be considered to be the second part of a
ing and perfecting methods of manufacturing high-qualityreview of the elastic properties of these materials published
objects and for estimating their reliability of operation. It is in 19952° For the main metal oxide HTSCs and several of
also of great interest to elucidate the microscopic mechathe corresponding base compounds we present the results of
nisms of plastic deformation and fracture of this new class ofesearch by the methods of microindentation, microcreep,
materials. The natural brittleness of perovskite-like metal oxand active deformation in the low-, room-, and high-
ides is a hindrance to both the preparation and application demperature regions.
HTSCs. In materials of this type the formation of cracks is
the final step in the relaxation of the internal stresses due to
L . . ) . 1. CRYSTAL STRUCTURE OF THE MAIN METAL OXIDE

the preliminary pressing of the oxide powders prior to theerTSCS
sintering and also due to the phase transformations, the
strong anisotropy of the thermal expansion coefficients, and The plasticity and strength of crystals is largely deter-
temperature gradients. Microcracking has a substantial influmined by defects of the crystal structure, some of which are
ence on the final structure of a ceramic, its stability, mechanithe elementary carriers of plasticity while others are ob-
cal strength, and superconducting and other physical propestacles to plastic slip. It is found, by various methods, that all
ties. The search for ways of combatting this undesirableHTSC single crystals and polycrystals are characterized by
phenomenon involves a deeper study of the mechanisms tifie presence of a large number of defects of various types:
plastic deformation of metal oxides. twins, stacking faults, dislocations, impurity atoms, vacan-

Metal oxide ceramics have a weakly expressed plasticitgies, grain boundaries, voids and cracks, heterophase inclu-
even in the region of moderately low temperatures, and isions, atomic segregations near voids and grain boundaries,
increases noticeably upon heating. The occurrence of plastitc. These defects have a substantial influence on the plastic-
deformation is attested to, for example, by the formation ofity, strength, and other physical properties of HTSCs, includ-
clear impressions of an indenter on the surface of théng their superconductivity. Nonuniformities of the composi-
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FIG. 2. Structures of the unit cells of the main metal oxide HTSC compounds: (L&BD) (a), YBa,Cu;0; (b), and B(Tl)-2212(c).

tion, internal boundarie§n particular, twin boundarigsand  to start with a brief characterization of the crystal structure of
the elastic fields of dislocations act as pinning centers foseveral of the main materials of this type which will be dis-
Abrikosov vortices and lead to a change in the critical pa-cussed most thoroughly in this review. The lattice structures
rameters of the HTSC. Local superconductivity with higherof all perovskite-like metal oxides have been studied in detail
T. can exist at twin boundarieghe mechanism for this in and discussed in numerous original papers, review, and
conventional superconductors is described in Refs. 30 anohonographgsee, e.g., Refs. 33—B8Here the well-known

31), or T, may be lower owing to a lower oxygen concen- schemes of the unit cells for the compounds of interest to us
tration at a boundar{? are presented in Fig. 2 in a form convenient for the subse-

For better understanding of the structure and propertieguent discussion; the space group and lattice parameters are

of elementary defects of metal oxide HTSCs it is advisableaken from a review? The figures show the coordination
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polyhedra of the copper ion; the shapes of the coordinatiodegree of splitting of the dislocation to depend on the direc-
polyhedra of the remaining cations can be seen in Refs. 3don of the Burgers vector{200] or [010l—along which the
and 35. The lattice parameters are taken from a table préd-Cu-O chains li€°~*! A strong influence of the oxygen
sented in Ref. 36, where citations to the original papers canoncentration on the mechanical properfigse Sec. 7.1 be-
be found. low) also attests to a shear in the BaO/CuO plane, since it is

The structure of the compounds (La,SEu0, is shown in the CuO plane that the main changes occur upon variation
in Fig. 2a. At the center of the unit cell is the coordination of the oxygen index; in particular, the magnitude of the Bur-
polyhedron of the copper ion, which, together with the adja-gers vectors of the dislocations changes smoothly with
cent La/Sr ions forms the characteristic structure of the perehanging lattice parameters.
ovskite family ABO; (named after the mineral CaTiD El- The splitting of complete dislocations into partial dislo-
ements of the perovskite structure are contained in theations occurs according to the reactiffd [100]
lattices of all metal oxide HTSCs, i.e., they are perovskite-——1/21100]+1/21100] and [010]—1/21010]+ 1/21010].
like. (La,Sr)pCuQ, has space groupd/mmm with lattice  The a[100] dislocations are split more strongly than the
parameterei=b=3.7793 A andc=13.2260 A. b[010] dislocations.

The unit cell of the superconducting orthorhombic  In both the orthorhombfé*° and tetragoné? phases a
YBa,Cu;0; phase is more complexFig. 2b). Its space small density of dislocations with Burgers vectors in the
group is Pmmm and the lattice parameters ara (110 direction are observed, which form according to the
=3.8177 A,b=3.8836 A, ancc=11.6827 A. A distinctive reaction[100]+[010]—[110] when the main dislocations
feature of the unit cell of this phase is the presence of twantersect; this leads to the formation of plane hexagonal
types of oxygen environment of the copper ions: a four-sidedetworks?® The (110)(001) slip system can be effective in
pyramid in the Cu@ planes and a rhombus in the basal high-temperature deformation.
planes containing CuO chains. In the nonsuperconducting In dynamically compacted samples of YBCO, additional
tetragonal YBaCu;Og phase the oxygen positions O1 are slip systems have been obsen/éd:110](110) and[010]
vacant, while in the YBzCu;Og phase oxygen also occupies x(100). The edge components of such dislocations are par-
the O5 positions, and the Cul copper ion is found at thejle| to the[001] axis. Dislocations with a Burgers vector

center of a coordination octahedron. component in the direction of tH@®01] axis are practically
Finally, the crystal structure of Bil)-HTSCs is shown never encountered.
in Fig. 2c. The 2212 phase has space grodgnmm The The influence of the oxygen indeXon the mechanical

lattice parameters of Bi-2212 area=5.4095A, b  properties of YBCO crystals may be a consequence of
=5.4202 A, andc=30.9297 A, and those for TI-2212 are changes in the structure of the core of the gliding disloca-
a=b=3.8558 A andc=29.2596 A. The Bi-2201 phase tions and their ionic charge upon changes in the oxygen in-
does not have the Ca and Cu{fplayers, and its parameter dex and, accordingly, in the character of the atomic ordering
c is accordingly smaller and its superconducting transitionin the basal plané®

temperature is lowered to.=10 K. In the Bi-2223 phase The slip systems in crystals of Bi-containing HTSCs are
additional Ca and Cu(g) layers appear between the the same as in crystals of the YBCO syst&rhowever, the
Cul(Qy1)2 and SrQ,/BaGs, layers(see Ref. 36 for a dia-  more complex crystal structure of @hb)—Sr—Ca—Cu—0 su-
gram of the structuje the parametec increases, and the perconductorgFig. 29 admits two types of possible slip
critical temperature reaches its highest value for the complanes parallel to the basal plane: between the Lar@ Ca

pounds of this familyT.=110 K. layers, and between two BiO layéYslt turns out that stack-
ing faults lying in such planes will have low and somewhat

2 SLIP AND TWINNING IN CRYSTALS OF METAL OXIDE different surface energies. Of the three types of dislocations

HTSCs with Burgers vector$100], [010], and[110], the last type of

) ) ) . . dislocations are the least stable and always split into partial
In this Section we discuss those defects having a d'“’fc(‘iislocations according to the reactiorl10]— 1/3120]

relation to plasticity: we shall discuss the elementary “carri- | 1/3210]. Practically no splitting 0f010] dislocations has
ers” of the two modes of plastic deformation—twinning and yeen observed.

slip.
2.1. Slip systems

Electron microscope studies of the dislocation structure . , .
of deformed crystals of the YBEU;O,_ 5 family39‘44 have 2.2. Twinning systems and the structure of twin boundaries
led to the following conclusions. The sole slip plane in The most detailed and complete studies of twins have
YBa,Cu;0;_ 5 crystals at any values df is the basal plane been done for the orthophase of the systems REB#D,_ 5
(001, and their plastic deformation is governed by disloca-(Re=Y, Sm, Eu, Gd, Dy, Ho, Br This phase is always
tions with Burgers vectora[100] andb[010]. In the com-  twinned (see, e.g., some of the first pagf&rs® and refer-
plex lattice of this compoundFig. 2b) there are three pos- ences to original papers in the revigvand monograph).
sible shear planes of th@®01) type: BaO/Cu@, CuG,/Y, The crystallography of this structure admits the existence of
and BaO/CuO. Direct observation on a high-resolution elecboth twins of rotation and twins of reflection. We shall not
tron microscope showed that the core of {160)(001) dis-  discuss twins of rotatiofaxial twing,>***since they do not
locations lies in the CuO plane between BaO lay2sor a  actively take part in plastic deformation processes and can
shear between the BaO and CuO layers it is natural for thenly act as strong obstacles for the slip of perfect and
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FIG. 4. The four possible orientations of twins in the orthorhombic phase of

twinning dislocations. At the same time, the twins of rotation YBCO: 0xygen atomsO), copper atom¢®), «=0.89° (Ref. 60.

and other defects do influence the parameters of supercon-
ducting HTSC metal oxides.

During the high-temperature phase transformation of thevealed twinning dislocations and dislocations at the junction
tetragonal to the orthorhombic phase which occurs at temef anion and cation boundariés.
peratures between 750 and 500 °C in the presence of an oxy- Upon variations the oxygen and impurity concentrations
gen atmospher&, a polydomain twin structure arises which the mean distance between twin boundaries varies between
consists of two equiprobable families of reflection twins100 A and 1000 A(Refs. 49 and 63—87but it may even
which are coherent over most of their length. The exact valugeach several micror$:%4In the vicinity of the twin bound-
of the transition temperature is determined by the oxygeraries there are transition zones along which the crystallo-
partial pressure; the transition is due to the simultaneous ographic parameters of one twin orientation go over smoothly
currence of an atomic ordering reaction in the oxygen suband continuously to the parameters of the other orientation.
lattice and a martensitic type of shear transformation of th&he widths of the transition zones have been measured in
whole crystal lattice®~>8 The elastic stresses arising as aelectron microscope studies: in YBCO crystals they consist
result of the transformation relax by twinning deformation of of 5-10 cells for coherent joinifi§ and 100—-300 cells for
the orthophase. Under observation in polarized light in théncoherent joining® The smooth change of the parameters is
(001) plane the domain structure of the crystals appears as a
system of alternating bright and dark fringes parallel to the

(110 direction(Fig. 3); the coloration of the domains varies a o
as the analyzer is rotatéd. -~ ——— . o
The two families of twins(Fig. 3 intersect at right o o) o o o) o
angles, since the crystallographic plddad is an invariant = o = O o " .o. . ° ¢ = o LA
for the tetra-ortho transformatiod.Being nucleated at dif- e =® ° e = © "= 0 = ¢ s ¢
ferent places in a grain, these families of twins form regions 0 o o ole © . o o
of four orientations, I, Il, Ill, and IV, which are shown sche- " .o " e o . o o ¢ = o ¢ =
matically in Fig. 4*3%° The interface at which the two or- e = o u @ "ln 0 = o « o
thogonal families of twins meet is incoherent and consists of °© ¢ = O. . © ol e °, .O . .o .

an alternation of twin boundaries and low-angle grain o) o] o o
boundarie$3° ® = @ = ©® 5= 6 s 0 1 ¢

The fine structure of the twin boundaries depends on the

local oxygen concentration and oxygen ordering in the b

boundary region and on the presence of impurity atoms. Co- e o - o o " " o ¢ = o ® = o
herent twin boundaries parallel to tH410 planes pass e = o » O e = o = o
through the O1 oxygen ions in the CuO layéasion bound- e = 0 o = 010 . e °. o © .
arieg if 6=0 (Refs. 61—63o0r through the copper iongat- o o o} o o o
ion boundariepin those layers if the oxygen concentration is e = o o = e olo ® = o o = o
lower, e.g.,6=0.451%2Aluminum and iron impurities appar- e n @ = " e = o °.
ently lower the energy of the twin boundary if it passes o o o o o o
through the cations. Above a certain Al or Fe concentration .o e o e olo ¢ - o ¢ - o ¢
the twin boundaries form at lattice cations even at a high " o * O = = & = & =

oxygen Concentratlon&: 0)' Str.UCtu.raL:g]Odels of _the two FIG. 5. Structural models of twin boundaries in the orthorhombic phase of
types of boundary a_re Shown_m Fig. Obsgrvatlons of YBCO: “anionic” boundary (a), “cationic” boundary (b). Oxygen atoms
YBa,Cu;O; with a high-resolution electron microscope re- (O), Cu atoms(H), Ba (Y) atoms(®).5
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due to ordering of the oxygen along the transition zone and
not to variation of the oxygen concentratith.

Twinning in YBaCu;O; crystals can be caused by me-
chanical loading; it is brought on by a shear along the crys-
tallographic systemjgl 10](110) and 110](110). The crys-
tal geometry of the twins is characterized by the following
parameters: the specific shegrthe angleB between the
[100] directions in the initial lattice and in the twin, the dis-
tanced;;o between the twinning planes, and the magnitude
b, of the Burgers vector of the twinning dislocation. The riG. 6. Displacement of atoms during detwinning of orthorhombic YBCO
values of these parameters are given in terms of the latticgystals under the influence of a compressive sfiéss.
parameters andb by the following formulas:

In simple one-atom structures the trajectory of the dis-

(b/a)®—1 b : e : .
i A— = placement of atoms in the twinning process is a uniform
b/a ' "0 [1+(b/a)?]"? : - : i
shear in the twinning plane and in the twinning directin.

The atomic rearrangements are more complicated in the case
B=2 arctg( E) b=y of polyatomic lattices. In nonstoichiometric YBCO crystals
b/’ Tt THe with >0, where the{110 twin boundaries pass through
cations, the rearrangement on twinning does not reduce to
Takinga=3.82 A andb=3.88 A ° we obtain the valus  only a uniform deformation of the lattice. In addition to that
=0.031, and from the data of direct observation of twins wethere also occurs a hop of the oxygen anions in the twinning
obtain the estimate=0.036;" for the other parameters we plane by a distance {1/4110]+b,/2) in the direction
have3=89.1°,d;;,=2.72 A, andb,=0.084 A. counter to the twin sheaf:>"#'A diagram of these displace-
The energyy,, of a twin boundary in the orthorhombic ments in the(001) plane is shown in Fig. 8° under the
phase of YBCO was estimated in Refs. 72—-78. The maosinfluence of a uniaxial compressive stress the bound&rjes
systematic discussion of this question is given in Ref. 78andI’, change their position along the trajectories shown by
There the twin structure formed as a result of the high-the arrows [';—T'; andT",—T'}). The displacement of the
temperature phase transition and the shape of the residuahion boundaries requires a displacement of all the cations
twins in the large grains of polycrystalline samples of YBCO by a distance of the order of 1/210],%! and is apparently not
were investigated in detail by transmission electron microsfealized under mechanical stresses.
copy. Samples with 40% and 30% Y2&D.05wt.% Pt Experimental studies of the twinning process in YBCO
were used. An estimate of the energy of the twin boundariesrystals under the influence of the residual internal stresses in
was made by two independent methodsfram the distance the region of the impression of an indenter have shown that
between twins in columns of twir(¢he conventional method the rate of rearrangement of the twin structure is governed by
used previously in Refs. 72 and 74972) from the form of  the short-range diffusion of oxygen along the twin
wedge-shaped twins and a comparison of that shape with tHeoundaries®’
equations of the dislocation theory of thin twins, developed  The above-described features of the motion of atoms in
by Boyko and Kosevich?®"°For y,, the values obtained the core of a moving twinning dislocation in YBCO crystals
were 46.5 mJ/rh (estimated by the first methpénd (60.0  suggest that pseudotwins can form, within which the oxygen
+21.0) mJ/M (estimated by the second metho@he ad- atoms occupy nonequilibrium positions. Under conditions
mixture of platinum decreases the energy of twin boundariesuch that there is insufficient time for the disrupted atomic
to values 18.3 mJ/M (estimated by the first methpcbr  order to be restored during the heating-cooling cytf&the
(26.8+-9.5) mJ/nt (estimated by the second methodp-  samples can exhibit pseudoelastic behavior. This effect has
propos of this the authors of Ref. 78 called attention to thenot yet been observed, but its realization is possible in single
following important fact: according to the results of their crystals in the region of moderate and low temperatures,
studies, the admixture of Pt leads not only to a decrease afhere the diffusive displacement of oxygen is sluggish.
vw (.€., to a thinning of the twins and an increase in their ~ The role of twinning dislocations as carriers of plastic
density but also to a more uniform distribution of the par- deformation in YBCO crystals is extremely small on account
ticles of the second phase Y211. This explains the increase iof the small value of the crystallographic shear. Upon com-
the density of pinning centers and, consequently, in the critiplete retwinning of a single crystal the change of its dimen-
cal current density in such samples. sions cannot exceed 3.1% &+ 0 and it decreases with in-
Estimates ofy,, obtained in Ref. 78 are basically in creasing 6. Therefore the main carriers of the plastic
agreement with the data of other studi&’ We note that deformation are gliding dislocations and diffusive mass
even the calculation of,, in Ref. 73 in the theory of elastic transport, although a small twinning contribution to the plas-
twins®>® (which, as was pointed out in Ref. 78, is incorrect, ticity of the ceramics has been detecté&vidence for twin-
since only residual and not elastic twins have been observdobundary mobility has been obtained in experiments on de-
in YBCO) gives a reasonable value of 20 m3/tinstead of  twinning in the region of an indenter impresstént® and
the extreme overestimate 1000 m3)rif the correct value of  also in a study of the defect structure of dynamically com-
the Burgers vector of the twinning dislocatidn=0.02a, is  pacted YBCO samplé®.
used in the calculations instead of the lattice parameter The twin structure in Bi-containing HTSC crystals is
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qualitatively different from that inherent to YB@u;O,
crystals. Twins are planar defects of the type including stack-
ing faults and interphase boundaries and are observed in
abundance along with the latter in high-resolution electron
microscope studies in samples prepared by the standard
technology’? There are no data on deformation twins in Bi-
containing HTSCs.

Twinning systems in the lattice of lanthanum supercon-
ductors(the crystal lattice of which is shown in Fig. Pare
the same as in the YBE&uO,_; lattice. Lg_,Sr,CuO,
crystals are easily brought to the single-domain state at room

bov

C

p—— ‘..*" o~

temperature by means of mechanical loadmhereas such e

a procedure in the case of YBCO is possible only at elevated BTSN
6,17,84-88 e

temperature$®!”: - -

Coherent twin boundaries are rather strong obstacles to
the motion of gliding dislocation®:*> This is due to the fact
that relatively immobile twinning dislocations “chip off” a _S0um
from the twin boundaries at their intersections with disloca-
tions. In addition, the regions adjacent to the twin boundaries
are enriched with impuritie¥ However, microindentation
experiments have revealed no noticeable change in micro-
hardness at the tetraortho transition, which results in the
formation of a domain (twin) structure—neither in
Lay S, 1£CUO, on decreasing temperaturé{p=180 K)?®
nor in YBaCuzO; _ 5 crystals with changing oxygen concen-
tration. The values of the microhardness of twinned and me-
chanically detwinned crystals of YB&u;O;,_ 5 also turn out
to be equaf® At the same time, twins present an appreciable
resistance to the propagation of microcracks, so that the frac-
ture toughness of twinned crystals has been found to be ap-
proximately 12% higher than that of detwinned crystdls.

-
BN

3. REARRANGEMENT OF THE DOMAIN STRUCTURE
UNDER MECHANICAL STRESS

The initial polydomain structure formed as a result of theFIG. 7. Polarization-optical micrograph of twin structure in {981) plane
high-temperature tetraortho transition in metal oxide pf La,CuQ, cr;isgtals(a) and a diagram of the stresses acting near an indenter
HTSCs and compounds related to them can be restructurdgPression®-
under the influence of mechanical stresses. This makes it
possible to obtain completely detwinned orthorhombic single
crystals of YBaCusO;_ 5, which are needed for studies of method with the use of measurements of the time depen-
anisotropic phenomena and parameters: the critical magnetdence of the change in intensity of light reflection on a part
fields, thermal conductivity, thermopower, elasticity, andof the crystal containing a group of indenter impressions. An
conductivity. To bring them to a single-domain state the asexponential character of the temperature dependence of the
grown single crystals were compressed along (t®@0) di-  detwinning time was found, which permitted estimation of
rection by a certain load at an elevated temperature: in Rethe activation energy of the process: it turned out to be sen-
84 the detwinning was done at a temperature of 325 °C and sitive to the oxygen concentration and the presence of Mn,
stress of 50 MPa, and in Ref. 86, at a higher temperature dfa, and Si impuritie and ranged from 0.48 to 1.62 eV. It
450°C, the crystal was brought completely to a single-was noted’ that these values are in good agreement with the
domain state in one minute by a stress~d?5 MPa. A simi-  value of the activation energy for the diffusion of oxygen in
lar method was used to bring YBau;O,_ s crystals to a YBa,Cu;O,_ 5 at the same values of the oxygen indere,
single-domain state in a large cycle of studies reported ire.g., Refs. 91 and 92This agreement is considered to be an
Bondarenko’s dissertatioH. argument in favor the model for twin-boundary motion in

In Ref. 78 the force of frictiors;, of a twinning disloca- which the motion of twinning dislocations occurs as a result
tion in YBCO crystals was estimated from the shape of theof diffusive hopping of the oxygen atontEig. 6).
twins on the basis of the minimum thickness of stable twins.  An example of the rearrangement of the domain struc-
The values obtained, 20 MR&5, <50 MPa, are seen to be ture in the crystal LgCuQ, in the vicinity of an indenter
in good agreement with the detwinning stresses given abovémnpression is shown in Fig. 74.The direction of motion of

The kinetics of the motion of twin boundaries in the domain boundaries, leading to growth of the bright or
YBa,Cu;0O,_s crystals in the temperature interval dark domains, is governed by the sign of residual stresses
40-160°C was obtained in Refs. 16 and 17 by an opticahcting inside the indenter impressitsee the diagram in Fig.
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7b): the bright domains expand and absorb the dark domains Although the physical interpretation of the microinden-
in the first and third quadrants, while in the other two quad-tation results is difficult®®%this method is effective thanks
rants the opposite effect is observed. The rearrangement ¢ the presence of certain correlations between the values of
the domain structure occurs over a time of the order of ahe microhardnessl,, and the yield stress, and also be-
minute even at room temperature, a fact which is indicativaween the values of the critical stress intensity factor as mea-
of high mobility of the domain boundaries. In Refs. 83 andsured according to the length of a radial crack in the region
93 it was observed that L&uO, crystals were brought par- of an indenter impression and as determined by the standard
tially or completely to a single-domain state under the influ-macroscopic method$-1%(see Sec. 6.3 for more details
ence of uniform external stresses and also on heating or cool- The microindentation method is based on formulas relat-
ing in the column of an electron microscoffe. ing the loadP on the indenter, the lengtha2of the diagonal
The motion of the domain boundaries in JGuQ, is  of the indenter impression, and the lengthof the radial
governed by the reorientation of the Cu6ctahedrd® The  crack around the indenter impression with the values of the
high mobility of twin boundaries in L&uQ, in comparison  Vickers microhardnesd,, and the stress intensity facti, .
with YBCO means that the activation energy for reorienta-at the tip of the crack%-110
tion of the CuQ octahedra is lower than the activation en- P
ergy for the diffusion of oxygen in Y34£u307,5. . o Hy,=1.854 ’ 1)
Owing to the presence of domains and their switching (2a)
under mechanical stresses in .Bas0,;_ s and LaCuQ,,

: E\¥2P
these _crystgls can be classed as ferroela%et_ltrsboth cases ch:o_ou{ H_> - 2)
the twins arise at a structural phase transition from the more \%

symmetric tetragongparaelasticphase to the less symmet- oo is Young's modulus in the direction perpendicular to
ric orthorhombic(ferroelasti¢ phase. A complete crystallo- o grface of the crack. For a number of materials the em-
graphic analysis of the domain structure of,Ca0, is car-  irica) relationE/Hy=40 is well satisfied, and it is conve-
ried out in Refs. 96-100. The connection between th&jent 1o determind<,, using the simplified formula

instability of the domain structure and anomalous acoustic

properties in HTSC compounds has been discussed in a
review?® Kie=0.173m Q)

Since the penetration of the indenter into the material at
a constant load is a form of kinetic process, viz., créép-'®
the loading time should not exceed the time of completion of
the plastic deformation, when the impressions take on steady,

The use of single crystals in studies of the physical prop-equilibrium sizes. In the case of brittle materials and/or low
erties began almost immediately after the discovery of theemperatures, 5 or 10 s are sufficient for this.
high-temperature superconductivity of perovskite-like metal ~ According to the scaling law derived for a cone and
oxides. The first single crystals of the compound YBCOconfirmed experimentally for a pyrami# the microhard-
were in the form thin slabs with dimensions of approxi- nessHy, should not depend on the lo& However, in the
mately X1 mm in the(001) plane and a thickness of 0.1— majority of cases that law is broken in the region of small
0.2 mm in the direction of thE001] axis. Various methods of loads*'*~*8The authors of Ref. 116 expressed the opinion
obtaining bulk single crystals of many metal oxides havethat it is more correct to determine the hardnelgsand the
now been developetsee review’?), making it possible not fracture toughnesk . with allowance for a threshold load
only to expand the base of research on these materials b&t, at which the plastic deformation under the indenter be-
also to realistically consider the prospects for their practicabins, and in that case the lo&lin formulas(1), (2), and(3)
application. should be replaced by the differend@-{ Py,). The results of

The small size and the shape of single crystals limitedneasurements are conveniently plotted in the coordinates
the methodological possibilities for their experimental study.(2a)?— P andc®?— P, making it possible to find the thresh-
In particular, studies of the mechanical properties of suclold value ofPy,.
samples were most often done by the method of microinden-  Figure 8 shows the results obtained in the indentation of
tation, which remains basic to the study of the plasticity andhe basal plané001) of a YBa,Cu;O,_ 5 single crystal® At
strength of HTSCs. While being comparatively simple, it isP>0.5 N a strong cracking of the indented volume occurs,
useful for comparing the mechanical behavior of differentand atP>0.7 N, as a rule, fracture of the samples occurs.
materials, enabling one to study the anisotropy of the meMeasurements the geometric parameters of the straight lines
chanical properties of single crystals, and it also gives inforon the (22)?— P plot and using formulagl)—(3), we obtain
mation about the local mechanical characteristics in the cader the given indentation surface the following valué;,
of a structurally nonuniform materighardness and crack- =0.03—0.04 N, H,=9.75 GPa, andK;.=0.4 MPam'?
resistance of adjacent phases, grains, and grain boundariethese values are typical for ytterbium HTSC
The presence of high hydrostatic pressure under a blunt irerystalst?~1589119 The micromechanical characteristics of
denter makes for plastic deformation at lower temperaturesther rare-earth cuprates grown under identical conditions
than are possible in the case of other methods of mechanicahry over rather wide limits and for the majority of them are
testing and also in brittle materials such as metal oxiddound at the level of the lower values Bif, andK,. for the
HTSCs. ytterbium samplesPy,~0.01-0.03 N,H,=5-7 GPa, and

4. MICROHARDNESS AND MICROBRITTLENESS OF
SINGLE CRYSTALS, AND ANISOTROPY OF THE
MECHANICAL PROPERTIES
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2c o
Y - faces
~ a/b
FIG. 9. Shape of microcracks formed around an indenter impression on
different faces of ReB&L ;0 _ 5 crystalst1?

T ] | | |
0

01 02 03 04 05 The micromechanical characteristics of YBarO;_ s
P,N crystals depend on the purity of the initial oxides, the type
and concentration of dopants, the crucible material, and the
F'G-k& '-engtl*;ao(; it:‘ih‘lif’i‘gggrf’]‘t'a‘t’ifotnhifi’&g‘;ssz‘;: sg?;e$98th00féhe radialyaseous composition of the surrounding medium and are
;rr?;levgyssﬁl. The diaganals of the impressf;n . paralleal f&u&f highly sensitive to the microstructure defects and the crystal-
directions, andr =290 K 13 lographic orientation. Let us present some data on how the
microhardness and fracture toughness are influenced by the
lattice anisotropy, twin structure, and moisture.

K1.=0.3—0.5 MPam*? (Ref. 14. Table | permits a com- The pronounced anisotropy of all metal oxide HTSCs is

parison of the micromechanical characteristics of HTScAue to their layered structure. A study of the mechanical
single crystals, a series of solid oxides, and silicon: accord@nisotropy was done for single-crystal samples with thick-
ing to the classification that is accepted in the literaturenesses of 0.2-0.3 mih®®and ~1 mm'?* and also on large
HTSC metal oxides belong to the group of solid materialselongated grains of a polycrystalline sampleThe micro-

having a high tendency toward brittle fracture. hardness of YBgLu;0;_5 crystals of the orthorhombic
modification is the same in air and in wédteand is practi-

cally isotropic: within the error limits the values bff, on all
TABLE I. Values of the microhardness$, and critical stress intensity factor three basal face$100 are equal and independent of the
Ky for single crystals of YBaCuO, BiSrCaCuO, LCO, and LSG@enta-  direction of the diagonal of the impressithand are the
tion of the basal plané001)) and also for several typically brittle oxide same for twinned and detwinned cryst%ﬂsl\/leanwhile a

materials and silicon at room temperature. . . .
number of other studies have revealed substantial anisotropy

= N of the micromechanical characteristics. Anisotropy of the
5 § >E first kind, wherein the measured valuehd{, depends on the
" 58 s direction of the diagonal of the indenter with respect to the
Crystal ToX | apa | 82 = | Ref. crystallographic direction on the chosen plai®0], has
a8 § & been observed in orthorhombic YBCO cryst@isnd in the
£ oxygen-saturated crystals the ratiel{{°?—H{}9)/H {119
reached 50-80%. The anisotropy of the second kind,
8.7 | <to0> | 0.74 | 121 whereinH,, depends on the plane of indentation, was char-
YBa,Cu0:s | 60 : acterized by the following valué$® H{®®Y was approxi-
9.7 | <100> | 0.43 | [13] v
mately 20% smaller thatl{}°?/(°1% and in the tetragonal
BiSrCaCuO modification these differences reached 50%. On highly tex-
phase (2212) 85 | 25 | <110> [120] tured (aligned samples a valuéi ({20140~ 6 was
8 | o8 | <too> [120] obtained'?* probably because of the influence of the pro-
phase (2212) 85 0.6 022 | 1] rjounced cracking an.ng th@01) plane_s. One of the mosF
likely causes of the microhardness anisotropy of metal oxide
phase (2223)* | > 100 | 1.27* | <110> (122] crystals is the anisotropy of the development of plastic shears
>100 | 0.9* [ <100> [122] in them.
La,CuO, 744 | <110> [18] The length and direction of propagation of cracks are
805 | <100> 0.96 (18] _extreme_ly sensitive to the crystallpgraphy of the
indentationt*1?>126Cracks propagate easily along planes of
La ,Sr  CuO, | 25 9 [18] the {100 type, and their direction therefore coincides with
BaTiO, 59 059 | [12] the dllrect|_on of the diagonal of the impression when the
latter is oriented along100). In other cases the cracks turn
Si 9.0 0.70 | [12} out to be shorter and noncoincident in direction with the
M diagonal of the impression; sometimes they smoothly change
g0 7.7 0.76 | [12] gy - : :
direction to coincidence wit§100) (Fig. 9), and a tendency
Sio, (glass) 6.3 0.81 | [12] toward the development of secondary cracks is observed. In

Note: *Knoop hardness. the case of indentation of tH@01) plane the cracks had the
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same lengths in the mutually perpendicular directigd)]  sons. In the dislocation mechanism of plastic deformation,
and[100]. When indentations were made on {i90/(010  the motion of dislocations is impeded by individual impurity
planes, strong anisotropy of the nucleation and propagatioatoms. If the impurity concentration exceeds the solubility
of cracks around the impression was observed. As is seen iimit, precipitates can form which are also effective obstacles
Fig. 9, cracks develop predominantly in the basal plango the motion of dislocations. Impurities lead to solid-
(001), for which the surface energy is apparently minimal.solution and precipitate hardening. In addition, impurities or
This agrees with the observed growth habits of crystals in theheir complexes can fill the intergrain space, thereby altering
form of thin slabs parallel to thé001) plane. A similar pic-  the coupling between granules. On the basis of what we have
ture of crack development was observed in Ref. 116 in thgaid above, numerous attempts have been undertaken to im-
indentation of thg001) and(100/(010) surfaces of samples prove the mechanical characteristics of HTSC ceramics by
cut from highly aligned polycrystalline YB&UO;_5;  doping with various impurities to take advantage of various

grown by a melt technology. hardening mechanisms. Let us discuss some of the results in
Measurement of the fracture toughness of detwinnedhijs area.
crystals showelf that there is a small anisotropy @, Significant hardening of polycrystalline YBCO upon

between thea andb directions: the average value Kk in - goping with the substitutional impurities Zn and Li was
the direction of the[100] axis is approximately 25% larger found in Ref. 127: a linear increase bf, with increasing
than in the direction of th¢010] axis (0.59 and 0.47 MPa " impyrity concentration was observed. Since optical micros-
-m*?). The ratio of theK values for cracks propagating copy and x-ray diffraction have not revealed the appearance
perpendicular to and parallel to the basal plane is equal 1gf extraneous phases upon doping, this effect has been inter-
two. Twin boundaries have an appreciable influence on thg eteq as being a consequence of solid-solution hardening of
propagation of cracks: the average valu&gf in the (001 the grains, which to a first approximation is proportional to
plane is approximately 25% larger for the twinned crystalshe relative difference of the ionic radii of copper and the
than for the detwinned. The increase of the fracture toughaoIoant elements and to their concentration. No effect of

ness in the twinned material is due to dissipation of the Cradfhose impurities on the strength properties of the grain
energy upon the intersection of twin boundaries and, POSSKoundaries were observed. Furthermore, the difference of the

.bly’ on account of the ”_‘0“0” of these boundaries under th%harges of the Cu and Li ions was not reflected in the hard-
influence of the stress field of the crack. ening of the ceramic.

A Wat_er med.lum leads to a substar_ltlal decrease of the Polycrystals based on YB&WO,_ ; with admixtures of
crack resistance; the average valuekqf is 35% lower for . o
. o . o rare-earth metal oxides R¢y<0.02) were studied in Ref.
indentation in water than for indentation in &t (mean- i . ) _
128. The doping admixture was incorporated in the structure

while, in Ref. 89 no noticeable influence of moisturekon . -
was observed The study of the interaction of HTSC mate- of tTe prthorhombm 12.3 phase, partly substituting for the
B&" ions and forming a compound of the form

rials with surrounding media has important practical value i ) . . .
situations where it is necessary to ensure stability of thng(Baz_qu,CusO7_§, doping strengthened the grain and in-

properties of corresponding device elements. This problen%reased the density and microhardness while leavingn-

must be considered separately in each specific case. affe(_:rtﬁ:. mechanical and superconducting properties have
Thus the crystallographic and structural factors and als P 9 prop

. 9 . . 0 .
the surrounding medium have a sensitive influence on th een improvetf® by sintering a 0.2 wt. % platinum powder

mechanical properties of YB&u;O;_ ; crystals and, in par- with \;Btﬁo Furtr:_er mnerease n dtkg)e Pt con_centt r?tlor} m-
ticular, can be the cause of the scatter of the results of medl Ve e propertiesHy increased by approximately a fac-

surements of different investigators if those factors are no or of 2 when the P_t concentre_ltmn was mcregsed from O_ 0

controlled. .5 wt. %9, but the higher density of the ceramic reduced its
permeability to oxygen and decreased the superconducting
fraction and the critical current density.

5. INFLUENCE OF STRUCTURAL DEFECTS ON THE In the case of LgCuQ,, substitution of part of the La

MECHANICAL PROPERTIES OF METAL OXIDES atoms by Sr led to an appreciable increaseHip: for ex-

Defects of the crystal structure of metal oxides have @mple, in La gsSi;15CuO;, crystals at room temperature the
significant influence on the physical/mechanical propertieseffect was~20%.*° This result does not completely agree
Especially noticeable is the negative influence of structuraWith the data of Ref. 130: although the authors of that
defects on the plasticity of HTSCs—they enhance the innatgapet*® spoke of the hardening effect of doping, their mea-
tendency of these materials toward brittleness. The main agurements registered a decreasédqgfon going from LCO
pects of the influence of defects on the dynamic and stati€Hy=9.24 GPa) to LSCOH,=8.94 GPa). An increase of
elastic properties of HTSCs have been described in #e grain size of the ceramic was noted, and that could have
review?® Below we present information about the influence caused the softening.
of doping, grain boundaries, porosity, and heterophase nature For polycrystalline Bi_,PhSr,CaCu;O, a close-to-
on the plasticity and strength of polycrystals and single cryslinear growth ofH,, with increasing lead concentration was
tals of some HTSCs. observedf! in the intervalx=0.2—0.5, which is assumed to
be the result of solid-solution hardening. A& 0.6 a devia-
tion from the linear dependence to the side of highgrwas

It is known that the admixture of impurities increases thenoted, which may be due to precipitate hardening by segre-
mechanical strength of crystalline materials for several reagates of the new phase R0, (see Sec. 54

5.1. Impurity hardening
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which may be due to the contribution of the grain bound-
aries. When the body of data is divided into two groups, one
of which pertains to impressions within a grain and the other
to impressions in the region of the grain boundaries, the his-
0.2r togram separates into two bell-shaped pdhistogramsl
and2 in Fig. 100: the first of them is close to the histogram
01l for single crystalgFig. 108, while the second attests to the
lower values and appreciable variance of the microhardness
in the region of the boundaries between crystallites. Conse-
3 quently, the defects responsible for the loweringHaf are

02 F concentrated mainly at the grain boundaries.

The softening role of the grain boundaries is manifested
especially clearly in measurements with a large load on the
indenter for a fine-grained sampf&;* as is reflected in
-” histogram3 in Fig. 10c. A comparison of histogramisand3
0 [T - indicates an almost threefold difference between the mean

values ofH,, of the polycrystal and single crystal. Appar-
ently, in the case of the polycrystal the conditionHbf with
increasing load on the indenter is due to an increase in the
number of defect regions in the area of the impression of the
0.2 indenter and to enhancement of the intergrain cracking. In
Ref. 134 an increase ¢, was observed in polycrystalline

AN/N
o
T

01k i samples with increasing number of grinding-pressing cycles;
' i the authors of that paper interpret this as evidence of growth
_ in the strength of the bonds between crystallites on account

3 of activation of the contact surfaces of the particles.
0 5 10 The results show that the inhomogeneity of the mechani-

H,, GPa cal characteristics of polycrystalline HTSCs and their low
_ _ _ strength as compared to single crystals are due mainly to the
FIG. 10. Histograms of the microhardness of YBCO: single crystls, o ain hoyndaries. The structure of the grain boundaries is one
=0.15 N (a); coarse-grained polycrystaP=0.15 N, continuous indenta- .. .. . .
tion (b); histogram “b” after separation of the data for crystallitly and of the decisive factors determ'mng the physmal—mechamcal

grain boundarieg2), and the histogram of a fine-grained polycrystal, and functional properties of a majority of the items made
P=2 N (c); the arrows indicate the average values of the microhardf®ss. from metal oxide HTSCs.

5.2. The softening role of grain boundaries in polycrystals 5.3. Influence of the porosity of the samples on the

Grain boundaries in polycrystalline samples are sites of!asticity and strength

segregation of impurities and impurity phases and localiza- The microhardness of polycrystaline YBCO was

tion of voids and microcracks, and they should therefore plagtudied* on samples of different density fropipg=0.33 to

an important role in the mechanical behavior of these matep/pr=0.92, wherepr=6.38 g/cni is the x-ray density. The

rials. For example, it has been obser®dhat the sound dependence of the mechanical properties of a ceramic on the

velocity in YBCO samples obtained by hydrostatic pressingrelative densityp/pg at room temperature is shown in Fig. 2

of the powder increased significantly after a thermochemicabf Ref. 29, which presents data on the influence of porosity

treatment(annealing in oxygen at 873)Khat did not affect of YBCO ceramics on the microhardné&s&>1% yltimate

the density. strength, and static Young's modulti¥. The results of the
To study the influence of grain boundaries on the plasmeasurements are described satisfactorily by the empirical

ticity and strength of YBCO ceramics we used the method oformulat3®

microindentation, which permits measurement of the local M =M _ ) 4

plastic compliance: the values of the microhardness of single o€xg—npl, p PIPR: “)

crystals and of the central and boundary regions of grains iwhereM stands for the microhardnebls,, ultimate strength

polycrystals were determined and compaf&tHistograms o, or Young’s modulusE, andp is the porosity. The pa-

of the Hy, values for 50-500 impressions obtained on singlerametern has values typical of conventional ceramtén

crystals and polycrystals at room temperature are shown ir-4.6 (Refs. 14, 135, and 136in the case ofH,(p), n

Fig. 10. The scatter dfl,, for the single crystalgFig. 103 is =5.7 (Ref. 137 andn=11 (Ref. 139 in the case obr;(p),

found within the error limits of the optical measurements.andn="7.8 for E(p) (Ref. 137%.

The histogram in Fig. 10b was constructed from the results  The value of the pre-exponential factdr,,=4.5 GPa is

of indentation of the surface of a coarse-grained polycrystaat the level of the mean hardness of single crystals of the

(average grain sizd=40 um) at equal intervals of 5@&m ReBaCuO family but turned out to be lower by a factor of

(continuous indentation One notices the asymmetry of the two than the microhardness of yttrium-based single crystals.

latter histogram(the broadening to lower values ¢fy),  This indicates that in polycrystalline HTSCs the local defor-
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mation under the indenter is determined not only by micro- 0.4 —
voids at the boundary but also by other defdgisin bound- a
aries and microcracks

We note that the density of the ceramic also influences
the fracture toughness. The strong increas& gf with in- 0.3
creasing density was attributed in Ref. 140 to a significant
increase in the grain size upon compaction of the material,
which makes the propagation path of an intergrain crack 0.2 —
more tortuous.

The results presented show that with increasing density
of metal oxide ceramics one observes an improvement in
their mechanical characteristics. However, forpgr oOne
can observe the opposite effect: enhancement of the cracking —
upon cooling of the ceramics, which is due to anisotropy of
the coefficient of linear expansion. The cracking can be sup-
pressed by decreasing the grain size and also by optimizing ] b

the cooling conditions in the process of saturation with

oxygen*4! 0.4+

5.4. Features of the mechanical properties of heterophase J

N/N,
o
—p

Bi-containing HTSCs

This class of HTSC materials merits separate discussion N t [}
because of their amenity to fabrication and the realistic hope c
of obtaining superconductors with improved critical param- —
eters. An x-ray analysis shows that an important feature of
Bi-containing HTSC¥?*%is their tendency toward multi-
phase behavior. The superconducting phases in this system,
2201, 2212, and 2223, are usually described by the general
formula BiLSKCa, ;Cu,0,, wheren is the number of ' il
CuO, planes# 0 15 30

The difference of the physical properties of the phases is 2a, pm
manifested in mechanical experiments. In the study of theg. 11. Histograms of the size distribution of indenter impressions on the
microhardness of Bi—Sr—Ca—Cu—-0 single crystals With  surface of a polycrystalline sample of Bi-Pb-Sr-Ca-Cu-O for a load on the
=82 K, the authors of Ref. 145 observed a strong inhomoindenter ofP=0.1 N: bright regions(a); dark regions(b), random places

. . . P (c). The arrows denote the values of the impression diagonals corresponding

geneity of the micromechanical propertisfgnificant scatter 5 ine maxima on the histogrart.
in the value ofH,,) even within a single optically homoge-
neous sample, but an even larger scattef pfiwvas observed

in a study of different samples. Measurements made on &  ynfortunately, the authors were unable to link the micro-

series of single crystals showed thay, is grouped around  parqness values obtained to specific phases. However, some
three characteristic values: 0.5, 1.1, and 3.1 GPa, which argniectural identifications can be made on the basis of the
considerably lower than the values obtained on Re-Bat|iowing data. A valueH,=0.69 GPa was obtained in Ref.
Cu-O single crystalsH{,=5-10 GPa). 121 and a valudél,=0.63 GPa in Ref. 146 for single crys-

Inhomogeneity of the mechanical properties was alsqg|s of the 2212 phase at room temperattwith a load P
manifested in a measuremé&titof the microhardness of =g 5 N on the indenter The critical temperature of this

polycrystalline samples of Bi—Pb—-Sr—Ca—Cu-0. ObserVﬁphaseTC=85 K, which is close to the valug,=82 K for

tion of polished surfaces of the samples under an opticahe samples studied in Ref. 145. It may be thought that the
microscope revealed the presence of at least two types @fardness valuél, = 1.1 GPa(1.08 GPa for the polycrystal
crystallites with different reflectivities, bright and dark, in Ref. 145 corresponds to regions of the 2212 phase, which
which had different hardness. Figure 11 shows histograms an average determines the properties of both the single crys-
the size distribution of the impressions, obtained under set| and polycrystal. Measurements of the Knoop microhard-
lective indentation of the surface of the sample in the brighihessH, showed that for a single crystal of the 2223 phase
(Fig. 113 and dark(Fig. 11b crystallites and at random (T,=100-110 K)?2the maximum value oHy is almost a
places(Fig. 119. The maxima in Fig. 11c are also well ap- factor of 2 lower than for the 2212 pha$®(the basal plane
parent in Fig. 11a and 11b. The values of the microhardnessf indentation: 1.3 GPa as against 2.5 GPa. A correlation
at the maxima K,=3.8 GPa in Fig. 1la andHy; was noted between the values of nthxandT,: the lower
=1.08 GPa andH,,=0.43 GPa in Fig. 11)oare rather close the value ofT,, the larger the value of ma#,. An analo-

to the values obtained on single crystals. As an averagegous correlation has been observed for other HTSCsis
characteristic for a polycrystalline ceramic one should apparagrees with the idea that; increases with decreasing com-
ently consider the mean valud,,=1.1 GPa calculated on pactness of the crystal structure. The results presented above
the basis of the histogram in Fig. 11c. permit the assumption that the samples studied in Ref. 145

01
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contained three phases, with the characteristic hardness val-
uesH,=0.43-0.5 GP42223; H,=1.1-1.08 GP42212,

and Hy=3.1-3.8 GPg220)) (this last phase has a critical
temperaturel .= 10 K; Ref. 148.

A large number of studies have been devoted to devel-
oping methods of preparing high-quality single-phase
samples of the Bi—-Sr—Ca—Cu—-0O system. In Ref. 149 a
single-phase 2212 material was obtained by solid-phase syn-
thesis under stringent control of the process parameters: the
oxygen pressure, the maximum sintering temperature, the an-
nealing time, and the cation stoichiometry.

In the early days of research on bismuth-based Ht3Cs
it was found that the high-temperature phase 2223 is stabi-
lized by the partial substitution of Bi atoms by Pb atoms if a
certain amount of lead oxide PbO is admixed to the initial
components together with BD;. In Refs. 151-155 the
phase composition, density, porosity, critical temperature,
and hardnes$ly, of polycrystalline samples of the system
Bi, «PbSrL,CaCu;0, were studied as the conditions of
solid-phase synthesis and the composition parametex 0
SO_.S were varied. The samples wikh= 013 turned out to be: FIG. 12. Raised surfaces of a Bi-Sr-Ca-Cu-O crystal in the form of “roofs;”
optimal: they were distinguished by a higher volume fractiongpiique illumination(a), interference pattel® (b)
of the 2223 phase, a high critical temperatirg=113 K,
minimal porosityp=0.23, and maximal mean hardndsg
=0.325 GP&a™ which is close to the hardness of single metal oxide HTSCs and items made from théablets, rib-
crystals and polycrystals of this systéii.Deviation from  bons, wires, coilshaving high pinning forces and good in-
x=0.3 to either side led to poorer-quality ceramics in termstergrain coupling, which are necessary for achieving high
of all parameters. It is clear that the influence of lead atomgransport current densities. During use, parts of these items
on the properties of Bi-HTSCs is by no means confined tacan be subjected to appreciable mechanical loagirgy, the
their strength characteristics. Partial substitution of Bi by Plcoils of magnets carrying high curreptsand the internal
gives rise to new phases having a favorable influence on theiresses arising on cooling to the working temperatures and
stability of these materials and also promotes better conjointhe subsequent heating can reach critical values, a situation
ing of the grains. which is extremely dangerous for the naturally brittle

A feature of Bi-HTSC crystals is their appreciable ten- perovskite-like metal oxides. Data on the temperature depen-
dency toward brittle fracture: they have a low value of thedence of the mechanical characteristics are also needed for
critical stress intensity factok;.=0.11 MPam? (Ref.  developing the basic concepts of the physical nature of the
145; for crystals of the 2212 phade .=0.22 MPamY%  processes that govern the elasticity, plastic deformation, and
Ref. 121 and tend to develop secondary cracks in the basdracture of these samples at low temperatuidising use
planes(001) under the indenter. Figure 12 shows the result ofand at high temperaturéduring fabrication.
suqh cracking—a ra|§|ng of mq.terlal in the form a “roof” 6.1. Influence of temperature on the microhardness and
yvh|ch ext_ends a .con3|derable. distance from.the centgr of the,cture toughness of single crystals
indenter impression. The residual deformation of this frag- _
ment is of the order of 1%, which is large for a brittle metal ~ The microhardness and fracture toughness of YBCO
oxide. single crystals at room temperature depend on many factors

Nonuniformity of the mechanical properties due to the(the _conditions of preparation, the presence of impuritifas and
heterophase nature has also been observed in the casedmixtures of other phases, the oxygen inderd varies
Tl-containing HTSCS% In a study of single crystals with Over rather W'gg‘ limits: Hy=5-10 GPa and Ky,
the main phase TIB£aCyO, (T.=110 K) two values of ~=0-4-1.2 MPam * (Refs. 12-15 and 157
the microhardness were registerdd;,=0.2 GPa andH,, Figure 13%11%8shows collected data on the temperature

—(7.6+0.8) GPa. As studies of other phases in TI-HTSCsdependence of the microhardness in the interval from 77 to

the 2201 phase. tetragonal modifications. The hardness of the ortho phase on
cooling from T=300 K increases linearly without any
anomalies neaf .=93 K (curve 1);'* an analogous depen-
dence is found for the softer crystalsurve 2).X° The in-
crease in hardness at>550 K (curve2) is apparently due to

An important part of the groundwork for the preparation a change in the oxygen stoichiometry in the surface layers of
and practical application of HTSCs is to investigate the methe sample during heating in air. Samples with the tetragonal
chanical properties in detail over a wide range of temperastructure have a lower hardness at room temperature, but
tures. Deformation and thermomechanical treatment aréheir hardness increases rapidly with decreasing temperature
among the most important technological means for preparingcurve 3), and in the vicinity of the temperature 200 K a

6. TEMPERATURE DEPENDENCE OF THE PLASTICITY AND
STRENGTH OF METAL OXIDES
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FIG. 13. Temperature dependence of the microhardness of YBCO single 6l
crystals: orthorhombic phases=0.1(1, Ref. 133 and crystal after growth
(2, Ref. 15; tetragonal phase-s=0.9(3, Ref. 133, and5=1 (4, Ref. 159.
1,IL,lll—temperature regions in which the controlling mechanisms of plastic
deformation are presumably dislocatidh, dislocation-diffusion(ll), and 4 1 L L
diffusion (111). 100 200 300

T,K
- . . . FIG. 15. T ture depend f the microhard f YBCO singl
sharp transition from plastic deformation to brittle fracture g5 of tehrgpf:i?fnd?)f; §Qr"i§§ & mictonariness o singe
under the indenter is observ&ti. In the high-temperature
region 973-1173 Kcurve4)!° the hardness of the tetrago-
nal phase falls off rapidly with increasing temperature, de- .
. ? independent of temperature or increases from 0.4 to
creasing from 3.5 GPa to 0.05 GPa. This dependence w P P

btained with the aid of indentation by a th ded . T.3 MPam*? with increasing temperature. We note that the
obtamned with tne aid of indentation by a three-sided pyramid, | e ica| values and temperature behavidk gf depend on
made of zirconium oxide with a O3 impurity; at the high-

. . . 4 the model used in the calculations to describe the crack un-
est temperature a reaction of the pyramid material with th%er the indenter

crystal was observed, and therefore the valug-atl173 K
is questionable.

Figure 14°" showsH(T) in the temperature interval
40-293 K for a sample cut from a bulk pseudocrygtaghly

The value ofK, registered in Ref. 157, which is higher
than for other systemee Table), attests to the hardening
role of particles of the second phase Y211, which is notice-
X : . ably harder than the matrix. In measurements at room tem-
aligneg with the composition Y12340mol.% Y211 jperature by the method of nanoindentatfdrthe following

:OHS V\llt‘ % Plt’ Whi(f;h. v(\j/astgzpwrcl)cl;rlompt\he_m(iflihby a sp_fe_cia characteristics were obtained: for the Y211 phage=213
echnology(plane of indentatiori001). Against the signifi- 5 5p, Hy=14.4+2 GPa; for the Y123 matrix—E 143

cant scatter of the points one can discern an almost linear _

character of the dependenklg/(T), the absence of features, ;iSGZ-_F:EZ g;a 13051109855? g);;hfi(?%?e pé?gﬁezln(;jol)_:/

and a significant increase in hardness with decreasing te"@(’)lO). A subs,tar;{cial h.arde.ning and improvement of the
perature: Hy/(40 K)/HV(ZQ:.S K).:3'5 (this dependence is current-carrying properties of the Y123 phase upon the intro-
analogou; to that shown in Fig. )13The fracture of the;e duction of Y211 particles were also found in Refs. 161-163.
samples is observed FO be of a brittle character, a§ 'S €V ne increase oK ;. of the matrix is due to dissipation of the
denced by the behavior of the fracture toughndég; is energy of cracks at the interfaces and to blunting of the tip of
the crack. Such a measure makes it possible to partially over-
come the strong tendency of YBCO compounds toward
brittle fracture and to increase the strength and fracture
toughness.

The value and character of the temperature dependence
of the mechanical characteristics of YBCO single crystals are
extremely sensitive not only to the presence of second-phase
particles in them or to the oxygen concentrati®but also to
slight, often uncontrolled impurities entering during growth
from the crucible material. The temperature dependence of
Hy(T) andK;.(T) of YBCO crystals of two series, Y—-Al
5L I and Y—Pt, grown in alundum and platinum crucibles, respec-
tively, were studied in Ref. 119. The crystals had close val-
0 l | | | I ues of the oxygen inde£=0.3—-0.4 and critical temperature

50 100 150 200 250 300 T.=60 K but differed strongly in the values &f,, andK
T.K and in the character of the temperature dependendg; of

FIG. 14. Temperature dependence of the microhardness of a YBCO pseudg-:igs- 15 and 15 For crystals of the Y—Al series the hard-
single crystaf®’ ness and fracture toughness depend weakly on temperature,

30
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count the thermally activated processes of plastic deforma-
tion, leading to a strong temperature dependende;gf

The growth ofK . with decreasing temperature for crys-
tals of the series Y—R{Fig. 16 indicates that the measure-
ments pertain to region lll, and for them the temperature
T,<77 K. Apparently the formation and development of
cracks in these crystals are not due solely to the effect of the
normal stresses under the indenter: processes of defect struc-
ture development in the region of the impression—in par-
ticular, the gliding of dislocations—also play a substantial
role. Consequently, the values Kf;. given in Fig. 16 for
crystals of the Y—Pt series characterize their tendency toward
brittle fracture in only an approximate way.

The weakK,.(T) dependence for crystals of the Y—-AI

L | ! series(Fig. 15 gives reason to assume that the measure-

100 200 300 ments for them pertain to region | in Fig. 17, in whikh, is
T.K the basic characteristic of the brittleness and is determined
solely by the fundamental constants of the crystal. For ide-
Elly brittle fracture of a crystal Griffiths-Orovan relatitn

FIG. 16. Temperature dependence of the fracture toughness of YBCO sing
crystals of the Y—Pt and Y—Al serié¢¥

KZ=2yE/(1-1?), (5
while for the crystals of the Y—Pt series the hardness and _ , . _ , L
fracture toughness increase substantially with decreasingn€r€E is Young's modulusy is Poisson’s ratioy is the
temperature from 300 to 77 K. We note that in terms ofsurface energy for the plane of the mouth of the crack. For-

hardness the pseudo-single crystals hardened by Y21Pula(S) can be used to estimate the surface energythe

particled®” are close to crystals of the Y—Pt series, but theyValues of the elastic moduli are known. Take-0.3, Ey;
=E,»»,=157 GPa along th¢100] and [010] axes andEs;

are characterized byla,.(T) dependence that is more simi- 2889 , ,
=89 GPa alondg001].“>** Then for indentation of th€001)

lar to that for the crystals of the Y—AI series.
plane we havey;q 01~ 360 erg/cm (K,.=0.35 erg/crf),

It is known that the temperature dependenceKgf in X . (
different materials has the form of nonmonotonic curves withVNile for mdt:ﬁntatlon of the Ia:gral surface we gﬁfOO/OrlﬁO
a maximum at the temperature of the brittle-plastic transitior- 1400 €rg/c (Klllczoj erg/cm) and yo0,=160 erg/c
K..=0.2 MPam®?). As was to be expected, the cleavage

T, (Fig. 17.1541%5This parameter at low temperatures is de- : _ \
termined by the interatomic forceshe model of an ideal plane(001) has a markedly lower energy in comparison with
crack and therefore depends weakly on temperatezgion the other surfaces, and chipping occurs most gasﬂy along
I in Fig. 17),%6415 while its growth in the vicinity ofT, that plane. We note that the values pfthus .obtamed are
comparable to the values calculated theoretically for a num-

region I) is explained by the presence of plastic
(reg ) P y P P ber of ionic, metallic, and covalent cryst&i$or measured

deformationt®4-1®8Region Il corresponds to the formation,

: 70
at the tip of the crack, of a developed plastic zone where thgxpenmen_tall)}. , _ _
crack is of a viscous character. The use of the formulas of 1h€ discussion above shows that the micromechanical

linear mechanics of fracture for calculatiig. under these cha_racteristics of HTSCS_ are sensitive to t_he defect and_im-
conditions is incorrect, and it is necessary to take into achurity states of the material, i.e., technological factors which
are not always known well enough.

The formation of the impression when an indenter is
pressed into a solid under a certain load occurs in two
stages?/111:112|n the first stage the indenter sinks rapidly
into the sample, until the local stresses fall to a critical value
below which the high-speed, nearly athermal deformation
stops; in this stage the initialzero-timg impression is
formed. In the second stage the impression increases as a
result of comparatively slow thermally activated plastic flow.
While in the first stage the high local stresses are capable of
activating dynamic processes of dislocation nucleation and
multiplication, the second stage is governed by thermally
activated motion of dislocations. In the region of high tem-
m peraturesT ~0.5T,, (T,, is the melting pointa direct rela-
tion between the kinetics of microplasticity under the in-
denter and the kinetics of macroscopic creep has been
Tx established for such diverse crystalline materials as In, Pb,

FIG. 17. Scheme of the temperature dependence of the fracture toughnegsn’ Al, MgO, and silicon Carbldg'l for germanium the mi-

K, for brittle materials near the temperatuflg of the brittle-plastic CroplaSt_iCity 13i5 related to the mobility of individual
transition!® dislocations:
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TABLE II. Values of the microhardness, its temperature sensitivity, and the empirical values of the parameters of the Arrhenius(@quation
for La,CuQ, (Ref. 18, La, ,Sr,CuQ, (Ref. 18, YBa,Cu;0;_ 5 (Refs. 119 and 173 and Ge(Ref. 171.

. parameters of the dependence H (T)
Concentration Thermal activation parameters
Crystal of oxygen & or H (T), GPa 8H, /5T, 1072
of strontium x 292 K 0K GPa/K U, eV 710%, m?
La2Cu04 — 6.9 11.8 1.6 1.27 103.5
La2 Sr_ CuO 0.15 9.0 12.2 1.1 1.9 150.5
- e < 4
YBa2Cu307_5 (Y-Pt) 9.9 14.65 1.6 1.57 103.5
0.1-0.3
YBa2Cu307_8 (Y-AD 9.8 14.6 1.6 1.6 103.5
YBa2Cu307_5 (Y-Pt) 5.3 171 4 0.73 414
0.4
YBa2Cu3O7_5 (Y-AD 9.1 14.8 1.95 1.3 84.9
YBaZCu3O7_5 (Y-Pt) 4 16.45 4.25 0.66 39.0
0.9
YBa2Cu307_5 (Y-AD 6.75 20.4 4.6 0.8 36
Ge — 7.5 19 4 1.5 80

Note: The values oH\(T=0) were obtained by extrapolation of the experimental curves; in the case of Ge the lineatity(df) breaks
down atT<550 K.

In the case of HTSC crystals the relations governing theice. There is also reason to assume that there can be a cer-
development of plastic deformation under the indenter aré¢ain contribution to the formation of the impression from a
unknown, and the indentation data can serve only as indirearowdion mechanism of mass transpGrt’2
evidence of the mechanisms of macroplasticity. In the low-  The high-temperature deformation of crystals of the te-
temperature regiofiregion | in Fig. 13 the Hy(T) depen- tragonal phasdregion Il in Fig. 13; curve4)® is most
dence is substantially stronger than the temperature depelikely due to diffusion processes; then the intermediate re-
dence of the Young's modulus: with decreasing temperaturgion 1l must be governed by mixed diffusion-dislocation
from 300 to 77 K the hardness increases by 25—35% or evemechanisms of plastic floisee Sec. 6)4
by a factor of threé!>8while the increase of the elastic
constants does not exceed 8% his attests to the thermally 6.2. Temperature dependence of the microhardness and the
activated character of the formation of the plastic zone undeultimate strength of polycrystals of different density

the indenter. o As we mentioned previously, the indentation method is
To estimate the activational parameters of the process Qfyremely efficient for estimating the structural inhomogene-

microplastic deformation we use thep?pprgxirr)ate relation, of materials owing to the possibility of precise localiza-
between microhardness and temperatdrevhich is a con- 5 of the impression of the indenter on the surface of the

sequence of the Arrhenius equation for thermally activatecgamme and to the sensitivity of the microhardness to the

deformation: presence of defects. In particular, at sufficiently large values
Blnm of the loadP on the indenter the values bify, can give some
Hy= (Uo—KkT). (6)  information on the macroscopic density of a ceramic. Figure

18 shows the temperature dependence of the microhardness
HereU, is the characteristic activation energy of the processn the interval 77—-300 K for polycrystalline samples of
(the height of the potential barriery is the activation vol- YBCO with approximately equal mean grain sizel (
ume,B=6 is a factor that includes the Schmid factor and the=5 xm) but different densitiesg( pg=0.73, 0.91, and 0.98
coefficient of proportionality between the values of the mi-at two values of the load on the indentétfor P,=2 N the
crohardness and the yield stress;is the ratio of the pre- area of the impression is several times larger than the area of
exponential factor in the Arrhenius equation and the characan individual grain, while folP;=0.15 N the grain size was
teristic value of the rate of plastic deformation under thecomparable to the size of the impressions. The valuds,of
indenter, I'm=20 (Ref. 133. The results of an estimate are obtained at the low loaé, are close to the hardness of the
presented in Table II. It is seen that in terms of the absolutgrains, while those measured at the high |dadgive an
value and the character of the temperature dependence aferage hardness of the sample.
Hy(T) the YBCO, LCO, and LSCO single crystals are clos-  The substantial decrease Idf, with increasing load on
est to the elemental semiconductors Si and*@ét can be  the indenter is due to the contribution of weak grain bound-
assumed that the mechanisms of plastic deformation of thesgies and to the process of crack formation along grain
crystals are of a general nature, most likely the motion ofboundaries. A close-to-linear growth b, with decreasing
dislocations in the Peierls relief. In the case of metal oxidesemperature, without noticeable anomalies, was reported in
the parameters of the relief are determined by the stron&ef. 133, along with a strong density dependence of the mi-
ionic-covalent bonds between components of the crystal laterohardness, described at all temperatures by the exponential
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FIG. 19. TheH(T) dependence, averaged over several cycles of measure-
ments on one sample, for the crystalli{@) and for grain-boundary regions
(O) of coarse-grained polycrystalline YBCO. The dashed line shows the
averaged data for several single crystals; the load on the indentePwas
=0.15 N1

hance the dependence of the hardness on the dépsitys-
ity) of the ceramic.

It is safe to assume that the main causes of the low
values ofH,, for polycrystalline samples of YBCO at tem-
peratures of 77—300 K are the porosity and the weakened
grain boundaries. The role of the boundaries is clearly dem-
onstrated by theH(T) curves for crystallites and grain-
boundary regions, averaged over several series of measure-
ments on a single sample of a coarse-grained cergriic
19).2%3 This figure also gives the averaged détse dashed

L L ! line) for several YBCO single crystals. At all temperatures
100 200 300 : .
T.K the maximum values offl\, for the crystallites are close to
the microhardness of the single crystals, while the values of
FIG. 18. Temperature dependence of the microhardness of YBCO ceramidd,, for the intergrain regions are considerably lower. The
I_Of ad'or?d_t_on t/he ngrg‘:{)dzlglo(-zlf Nn(da)oa;g(;iﬁ N_rfb)-tm Thhe rleh'la' relatively large scatter of the data and the lower mean values
J\éfsuzpf;;eg’r’;\zo emperatured “'(]a:‘ 770 and 292('2;‘6 S ShOW v of H,, for the crystallites in comparison with single crystals
may be due to the deviation of the plane of indentation of the
crystallites of the ceramic from the basal planes and also to
law (4). The value oH,,q depends on temperature and on thethe defect structure of the grain boundaries, which are the
load placed on the indenter: that parameter increases fromeakest structural element of the ceramic and are highly
4.5 to 7.5 GPa with decreasing temperatur®at2 N and  nonuniform. As we have said, the mechanical properties of
from 6.5 to 11 GPa aP,;=0.015 N. polycrystals of the YBCO system can be improved by the

At a load of P,=2 N the coefficient in the argument of introduction of silver or of the oxides ZrQor HfO,, which
the exponential function in formul&d) had a valuen=4.6  improve the coupling between grains without destroying the
which remained unchanged in the entire temperature intervauperconducting properties of the material.
studied(this is seen from the parallelism of the straight lines A detailed investigation of the influence of density varia-
in the inset to Fig. 18 while at a load ofP;=0.15 N it  tions in the interval 3.6—5.5 g/chon the temperature behav-
increased from 2.6 at 300 K to 3.6 at 77(Bee the inset to ior of the macroscopic ultimate strength of YBCO polycrys-
Fig. 18a. The cause of the increase mwith decreasing tals was carried out in Ref. 137. The temperature dependence
temperature and increasing load on the indenter is probablef the ultimate strength in compressian,, is shown in Fig.
the formation of microcracks at grain boundaries, which en20. No influence of temperature @} was seen for samples

H,, GPa
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FIG. 20. Temperature dependence of the ultimate streagtfor YBCO
samples of different densiy[ g/cnt]: 3.6(0), 4.6(®), 5.2(0), 5.9(A).1%7 b

with p=5.2 g/cnt, but for less dense ceramios increased

by 50% when the temperature was lowered from 300 to 77 ©

K. The dependence of the static Young’s modulkisand %

ultimate strengtho; on the density is well described by re- 2>

lation (4) with the following empirical values of the param-

eters:Ey=130 GPa,n=7.8 ando;;=4x 10> GPa,n=11.

One notices the anomalously high value ®f,. Fracto-

graphic studies have established that with increasing density

of the samples the intergranular character of the fracture . . . 1

gives way to a transcrystallite character, and the same occurs o} 80 160 210 320

on decreasing temperature. For samples with a low density it T.K

was also noted that the temperature curvesohave weak

features in the region 60—200 K, which correlate withFIG. 21. Temperature dependence of the microhardness of polycrystalline

anomalies of the acoustic characterisfi’sThe insignificant ~ Bi-2223(a, Ref. 131 and Bi-2212(b, Ref. 148.

influence of temperature on the value ®f for both porous

and dense ceramics at<300 K is apparently due to the

purely brittle character of the fracture under such conditionsterials, for which fracture sets in after a small plastic defor-
The low-temperature mechanical properties of polycryssmation and the ultimate strength=o ; they include, e.g.,

talline Bi-HTSC ceramics have been studied in less detailstrongly cold-hardening metals. Certain dense YBCO and

Figure 21 shows the temperature dependence of the micr®SCCO metal oxide ceramics have analogous properties if

hardness of BigPhy .S1,CaCu;0, (2223 (Fig. 213" and  the macroscopic mechanical testing is done under conditions

Bi,Sr,CaCyO, (2212 (Fig. 21D.2* In both cased, in-  of high hydrostatic pressure, which hinders the development

creases linearly with decreasing temperature, and the valu cracks. For example, for a YBCO ceramic with

of the hardness of the 2212 phase is higher and has a corc0.92pg one hadH,=4.3 GPa at room temperatut&while

siderably stronger temperature dependence in comparisdar testing under conditions of hydrostatic pressure a value

with the 2223 phase. No anomalies n&arwere observed. o,=1.25 GPa was obtainé’a;consequentlyHV/oyz3.2_
The next class of materials can be conditionally called

) ) ) “plastic.” Materials of this class have a low yield stress

6.3. Comparison of the micro- and macromechanical and a prolonged stage of plastic flow with a large work-
characteristics hardening coefficient, as a result of which fracture sets in at

A theoretical analysis of the microindentation processstresseso;>o,. For these materials the ratid, /o, de-
was carried out in Ref. 107 for the model of an ideal elastopends on many factors and is usually many times larger than
plastic solid and led to the relatiod, =30, between the three'®® No analogs of such materials have been found
microhardnessH,, and the yield stressr, under simple among the metal oxide systems.
compression/extension. This relation describes the properties One can also identify a special class of “brittle-plastic”
of real materials with high values aof, but with a small materials, which exhibit appreciable local plasticity under an
reserve of plasticity. These are so-called “rigid-plastic” ma- indenter but which undergo brittle fracture in macrotesting.

04}

0.2
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For such materials it is easy to measure the ultimate strengtéind contradictory, making it very difficult to systematize
o, while the “potential” macroscopic yield stress,> o them and come up with a physical interpretation in terms of
remains unknown. In the study of such materials it is desirelementary mechanisms of inelastic deformation: atomic dif-
able to determine and analyze the ratlg /o, for which  fusion of individual chemical components, glide and climb
the inequalityH, /o= 3 holds. Apparently the rather dense of dislocations, development of microcracks, etc. The causes
YBCO ceramics under conditions of normal pressures beof these difficulties are understood: the diversity of methods
long to this class of materials. In Ref. 137 a YBCO ceramicof mechanical testing and experimental conditions, the com-
with a density p=0.920r under compression at standard pjexity of the chemical composition and the diversity of
conditions experienced brittle fracture at a stress  crystal and defect structures of the materials studied, the fact
=0.35 GPa, and for ity/o¢=12. . _ that at high temperatures there are several elementary mecha-
Finally, some materials can be classified as "brittle.” For his g of plastic deformation acting in combination, and be-
them the impression of an indenter is made predominantly by, ,se they are comparably effective it is difficult to separate
the formation of microcracks, and in macrotesting the frac'them. In view of the practical importance of the problem

ture is of a purely brittle character. These materials mos&iscussed in this Section, we present below a number of

often fracture at very high stresses of the order of the theo- . ) . . .
retical strength] oy~ o~ (10 2—10")E], and for them experimental results obtained on the subject, without claim

the experimental data satisfy the inequalities Hy /o, <3. ing any depth or rigor of the physical interpretation of the

A number of single crystals of metal oxide compounds dis_empirical material.
The usually brittle metal oxide systems can deform plas-

play the characteristic signs of materials of this class. For. I ) h " ) d hani h h
example, for crystals of the BSCCO 2212 system, room-t'(‘fa y owing ot ermaily aet|vate mechanisms suct as.t €
ide and climb of dislocations, grain-boundary sliding, in-

temperature measurements of the hardness and of the fra%I

ture strength and Young's modulus of whiskers consisting ofragrain and grain-boundary diffusion, and recrystallization.
several single-crystal slabs have led to the vallibg This assertion will first be justified using the results for the

—0.6—1.1 GPd2L145.146; — (0 94 GPa, an€E=92 GPal’*  YBCO system, and then other compounds will be discussed

In this case the relations;/E=10 2 andH,/o;=1 hold, at the end of this Section.
and the authors make special note of the fact that in the [Even the first studies of the mechanical properties of
hardness measurements the material was observed to fractifBCO ceramics showed that on heating the orthorhombic
under the indenter, and the fracture of the whiskers unde@nd tetragonal phases one can observe transition from brittle
tension occurred without any noticeable manifestations ofracture to plastic deformation in the temperature region
plastic deformation. 800-900 K%917817%However, the possibility of realizing
For a YBgCu;0; single crystal af =77 K the hardness such a transition apparently depends on the conditions and
Hy,=13.2 GPa* and the ultimate strength measured at thisthe heating regimen. In Ref. 180 the appearance of some
same temperature in a field ion microscope ds residual strain was attributed not to plastic flow but to a slow
=3.1-5.4 GP&">!"" consequentlyH, /o0;=4.3—2.6 and  cracking of the sample along grain boundaries. On the other
o1/E33=1/16—1/30, whereEg; is Young's modulus in the hand, YBCO ceramics are plasticized on heating under con-
[001] direction. A similar high valuer;=4.3=0.7 GPa at 77  ditions of hydrostatic pressufé! experiments on the com-
K was obtained for single-crystal whiskers of pression of the orthorhombic phase Y123 upon application of
LuBa,CwO;_ 5 in Ref. 174. In Ref. 159 the temperature 5 hydrostatic pressure of 1 GPa in the temperature region
dependence of the microhardnésee Fig. 12and also that 750950 °C revealed a deformation of up to 70%. Signifi-
of the fracture stress; in bending were obtained for YBCO gnt plastic deformations of YBCO ceramic samples are
single crystals under conditions of high temperatures 1023 5chieved under conditions of high-temperature crééf?If
1_1_73 K: at 1073, 112_3, and 1173 K the. ratio of these quanihe rate of steady-state creep does not exceed
tities Hy/o=1, while at T=1023 K it has the value _145-6 51 then the value of the deformation without frac-
Hy/og=2.4, and the ultimate strength varied from o can exceed 30%:; here it is important that the critical

~300hMPa 'at I1023 t@|30 MPa a;[ 1173 *ﬁ; | .. parameters of the superconductivity of the material are prac-
Thus single-crystal and polycrystalline meta OXIdetica”y unchanged®

HTSCs in the majority of cases display the characteristic Heating of the ceramic leads to an extremely significant
signs of brittle-plastic and brittle materials, and only some Oflowering of its yield stress. For example, in Ref. 181 at a
them under special conditionigh pressure or high tem- j ' )

erature; see the next Sectjocan be classified as rigid- strain rates=2x10">s™* a change in temperature from
peralure, see 9 1023 to 1223 K led to a decrease in the yield stress from 450
plastic materials.

MPa to 90 MPa, and in Ref. 25 at=4x 107> s~ ! the value

of the vyield stress was lowered from 160 MPa &t

6.4. Features of the high-temperature plastic deformation =1098 K to 0.6 MPa al = 1248 K. Furthermore, a substan-
Heat treatment of metal oxide ceramics under conditiondial dependence of the plastic compliance on the strain rate is

of high temperatures is the most important consituent of thé@bserved: in Ref. 181 a change in the yield stress in the range

technology of preparing HTSCs with the optimum combina-150-1000 MPa was registered asvas increased from 1.5

tion of mechanical and superconducting properties; therefore 107 ° to 1.5x 10" * s~ (deformation temperature 1023 K

the experimental investigation of high-temperature plasticity  In the majority of cases the experimentally observed be-

of these materials has been the subject of a large number bfvior of the plastic compliance in the variables “flow stress

studies. The results of those studies are extremely diverse versus strain raté versus temperatur€” is described by
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a kinetic equation of the activation tygthe Arrhenius equa- cause the perovskite-like structure lacks the five independent

tion): slip systems necessary for plasticity of a polycrystalline
_ sample. It is proposed to describe the kinetics of plastic de-
&=Ac"exp(—U/KT). (7)  formation at high stresses by the standard law of dislocation-

diffusion creep, which has the form of E(y) with param-

Numerical values of the parameters of this relatithe ac-  gtersn=3 andU=U', the latter being the activation energy
tivation energyU, exponentn, and pre-exponential factor o |attice diffusion of heavy cations.
A) depend on the type of HTSC compound, the conditions of  of particular interest is the high-temperature deforma-
the experlment,_and_ the set of structure factors. In a numbg[o, of metal oxide materials occupying an intermediate
of cases the wide interval from room temperature to prépjace between polycrystals and single crystals. In Ref. 185
melting temperatures is divided into several intervals withihe plasticity of a highly aligned samplpseudo-single crys-
constant values of these parameters within an individual ingg)) of YBa,Cu;0,_, was studied at temperatures of 875 and
terval. Empirical estimates of the numerical values of thegog k. A strong temperature dependence of the critical shear
parameterd), n, andA have permitted researchers to con- giress in the slip systeff100/014(001) was found: it de-
jecture with some degree of certainty about the physical Nazreased from 83 to 23 MPa on heating to 50 °C. The limiting
ture of the mechanisms governing the plasticity of these maygjue of the plastic deformation was around 8% and was
terials under the conditions of a particular experiment. INindependent of temperature; after that deformation the
some cases the conclusions reached are confirmed by thgmples suffered brittle fracture. A study of the rate depen-
data of structural studies of the deformed materials by th@jence of the flow stress led the authors to conclude that the
methods of metallography and electron microscopy.  geformation is described by E(7) with n=4.7 and that the

A study of the temperature dependence of the yielqnain mechanism governing the deformation process is the
stress of Y123 polycrystels showed that there are three ¢jimb of dislocations(this agrees with the analysis of that
temperature intervals with different values of the expoment mechanism in Ref. 186 Microstructural studies have indi-
and activation energy): 825-875°C, where=2.5 and  cated that the grain-boundary sliding plays a negligible role,
U=5x1eV; 925-975°C, wheren=15 and U=10.4  hossibly because of the pinning of the boundaries by par-
+1.5 eV, and 875-925°C, whereandU have intermedi- ticles of the Y211 phase, which is the phase that forms, as a
ate values. In the authors’ opinion such high values@nd  yje in the growth of highly aligned samples from the melt.
the power-law dependence of the rate of strairoomith an A detailed study of the plastic deformation of Y123 ce-
exponenin~1-3 are characteristic of purely diffusional or rgmics with grain sizes=5 um at temperature¥=0.85T,,
dislocation—diffusional processes in the volume or at the(-rm:1275 K is the melting temperature in givas carried
boundaries of the grains, which are controlled by the diffu-oyt in Ref. 187, with a careful analysis of the resuits, taking
sion of the least mobile heavy cations, which form the framéntg account the whole body of accumulated data, including
of the crystal lattice of the metal oxides: Y, Ba, Sr, Ca. Mean+he previous results of the authors and the published results
while the study of the microstructure of the deformed of pthers. It was found that =800 °C and for low stresses
samples attests to a certain participation in these processesfit deformation occurs by intergrain slip. The rate of defor-
intragrain dislocation glide and grain-boundary sliding. mation is described by Eq7) with the exponenti=1 and

Y123 ceramics with submicron grain sizes have properyith U=U9%=6.8 eV, where the latter is the activation en-
ties characteristic for superplastic materidfsat tempera-  ergy for grain-boundary diffusion. At higher temperatures the

tures above 775°C the samples deform plastically to 25qeformation rate is controlled by bulk diffusion, and the ac-
110%. AtT=850°C andé=10"* s * the microcracks are tjation energy increases td)'=11eV (usually U9

observed only after 50% deformation, and in some samples. (9.6—0.8'). The bulk diffusion coefficient and the value
microcracks are absent even at 70%. During deformation thgs ! agree with measured volume tracer diffusivities of

grain size did not change; the samples remained single-phaggiym. In the final analysis the authors of Ref. 187 came to
with T.=88 K after 50% deformation. The parameters ofine conclusion that the intergrain slip is governed by lattice
Eq.(7) (n=2 at 800°C anch=1.8 at 850°C,U=7.5eV) jffusion in the case of large grains and/or high temperatures
are evidence that the superplasticity in this case is controllegq by diffusion along grain boundaries for fine-grained ce-
by intergrain slip, which comes about by grain-boundary dif-ramics and/or low temperatures, and that the kinetics of plas-

fusion of heavy cations. These ideas are in agreement witfic jeformation can be described by the equation
the results of a study of the creep of fine-grained ceramics at

temperatures of 800 and 850 € In this regard the authors
of Ref. 184 proposed to describe the superplasticity of HTSC T
ceramics by an equation of the typa in which Accd ™2 (d 8:98Qmow
is the grain size n=2, andU = U%°—the activation energy
for grain-boundary diffusion of heavy cations.

It has been shown in a small number of experiments thawvhere() ,,,;=2x 1028 m® is the molecular volume] is the
at high values of the flow stress the exponent2. The grain size,D' andD9® are the diffusion coefficients for lat-
authors of Ref. 176 believe that this disagrees with the contice diffusion and grain-boundary, respectively, aritl
cepts of grain-boundary diffusion and that in the description=10"° m is the width of a grain boundary.
of the deformation here it is necessary to take into account In Ref. 188 the voluminous experimental data obtained
the mechanisms of generation and motion of basal dislocan the study of high-temperature plasticity of YEa;0,_
tions and the presence of microcracking, which arises beceramics was generalized in the form of the following defor-

LT b
D+TD9 , (8
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Temperature, °C that at temperatures above 800 °C and for a deformation rate
800 900 1000 of 1.3x10°° s ! the yield stressry~10—30 MPa, and the
deformation of the samples reached 90% without fracture.
The extremely high plasticity of the ceramic was attributed
by the authors to the formation ofcaoriented texture, which

4] is of undoubted technological interest in connection with the
fabrication of items from HTSC powders.

A study of the temperature dependence of the mechani-
cal properties of fused BSCCO 2212 ceramics in the tem-
perature interval 20—800 °C in compressive tEtevealed
three regions in which the mechanical properties behave dif-
ferently: 2 from 20 to 350—400 °C the flow stress decreases
YBaluL ,_, linearly with increasing temperature, and the fracture is of a
d=50 ym completely brittle charactdino signs of macroscopic defor-

5 mation are seen on the strain curv®) from 400 to 750°C
10 ] l | 1 - _ T A
075 0.80 0.85 090 095 1.00 the strain curve exhibits characteristic discontinuities of the
/T, load due to the propagation of Hars bands; )3 above
700°C the strain curves have the typical form for plastic

FIG. 22. Deformation map of stress versus homological temperafiyés( materials, but plastic flow is accompanied by partial microf-
the melting temperatuyén air for polycrystalline YBCO with a grain size of
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50 um.1®8 The experimentally investigated regions are shaded. racture. It may be_ tha_t fOﬂ'>700f’C the deformation is
controlled by the diffusion mechanisms.
The high-temperature creep of

Bi; 6Pl 355L,CaCu30,4, s Ceramics under compression at
temperatures of 550—840 °C was investigated in Ref. 192. At
50 °C the ceramic deforms plastically to 25% without vis-

mation maps:.d—o, d—T,,/T, and o-T/T,, (Fig. 22.
These maps reflect the main modes of deformation observe

superplastic flow, which occurs by intergrain slip, an Imloor'ibIe traces of fracture and to 55% with the formation of sub-

tant role being played in it by both grain-boundary and lat-
tice diffusion; creep at high values of the flow stress, with thesurface cracks to a depth of not more than 2 mm. The creep

intragrain diffusion playing the predominant role. A map of rate |sd(_jescr|be;j well b¥ Ec@??[:hn va:!edt_from 2310 \3M2
the deformation mechanisms in the creep of Y123 ceramicgeloen INg on temperature; the actvalion energy was

was worked out in Ref. 184, where it was shown that the 0-94+0.16 eV at a stress of 5 MPa an/=52

Nabarro-Herring creep witm=1 should dominate at high +0.07 eV at 30 MPa. In the opinion of the authors the de-

temperatures for practically realistic values of the stress anfPrmation was controlled predominantly by the slip and
grain size, while power-law creep with>2 dominates at climb of dlslpcatlons. A.t low str_ess_es and in the |n!t|al stages
high stresse¢above 1 GPgrand in coarse-grained ceramics. of deformation the main CO!’]tI’IbutIOI’] to the moldujg of thg

The high-temperature plasticity of another member ofS@mples was from compacting due to a decrease in porosity,
the family of ytterbium HTSCs—the compound Ygu,0,  the role of which was reduced as the stress increased. Defor-
(124), with T.=80 K—was studied in Ref. 189. These crys- Mation at 750 °C decreas&d and increased the width of the
tals have an orthorhombic structure similar to that of Y123superconducting transition. An important conclusion is that
but with two layers of Cu—O chains instead of one layer as irfhe critical parameters of superconductivity in the deformed
1230 The experiments were done on compression at straifitate are better in samples subjected to stress for a long time
rates of 2<10 6-4x10"® s~ ! in air and in oxygen at tem- and being more highly compacted.
peratures of 824—932°C, in the stability region of the phase ~ The plasticity of polycrystalline samples of the com-
Y124. The samples were polycrystals with a density ofpound BSCCO 2212 of high density 6.6 gfsnprepared by
0.96% and with elongated grains 10—20m in size. AtT  the method of hot isostatic pressing, was studied in Ref. 193.
=870 °C the deformation kinetics was described by &y. Compressive tests at a constant rate and in the creep regime
with n=1.54+0.25, independently of the surrounding atmo-were carried out in an oxygen atmosphere at a pressure of
sphere. At a fixed deformation rate the flow stress was aptl—2.1)x 10* Pa and temperatures of 780—835°C. The in-
proximately 69% higher in oxygen than in air. The influencetervals of temperature, stress, and oxygen pressure were were
of oxygen was described by relatidf) with Aoc(POZ)l’m, rather limited: atT<785 °C the deformation rates were too
wherePo, is the oxygen pressure ami=—(4+1). In the low to measure; aT=800°C and oxygen pressure of the
region wheren is independent of temperature the activationorder of 16 Pa a local melting occurred, and at overhigh
energyU =4=+0.6 eV, which, in the opinion of the authors, stressesc>4.8 MPa fracture of the samples occurred. At
corresponds to grain-boundary diffusion of Y or Ba cations.|ow stressesr<3 MPa the plastic flow of the ceramic had a
When the temperature was loweredTat 870 °C the value Viscous character and was described by &g.with n=1
of n increased noticeably, attesting to a change in the deforand activation energy) =9.9=1.9 eV, and in favorably ori-
mation mechanism and to the accumulation of intergrairented grains some dislocation activity was observed. At
stresses. higher stresses the exponent5—6 at the same value of the

At high temperatures Bi-HTSC ceramics are more plasactivation energy, and the dislocation activity was supple-
tic than YBCO. A study of BPSCCO samptédhas shown mented by microcracking, mainly along tl@01) cleavage
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planes. The measured activation energy may characterize thvanishing of the superconductivity. The mechanical charac-
diffusion of Ca in the 2212 lattice. teristics of YBCO(ultimate strength, yield stress, microhard-
High-temperature deformation and fracture of the supernes$ are also sensitive to the oxygen content, as has been
conducting phases BSCCO 2201, 2212, and 2223 have beeggistered in numerous experiments on polycrystalline and
studied in experiments on compression in air at temperaturesingle-crystal sample$:22131:1792%he resistance to plastic
of 730-835 °C'* The kinetics of the steady-state creep isdeformation of a crystalline solid at low and medium tem-
described by Eq(7) with n=3.1-3.8 and activation energies peratures depends on the density of mobile dislocations and
U=5.2+0.5eV (220), 6.3+2.1eV (2212, and 9.6 their velocity. The density of mobile dislocations is con-
*2.1 eV (2223. The value ofn is typical of a dislocation- trolled by the dislocation nucleation and multiplication pro-
diffusion mechanism of creep. Transmission electron microscesses, and the velocity is determined by the interaction of
copy showed that the deformation of the samples occurred age dislocations with the crystalline relief, lattice defects, and
a result of the simultaneous action of dislocation glide ancelementary excitations of the crystal. Since the properties of
microcracking. The fracture kinetics was apparently detergjs|ocations are determined by the type of crystal lattice and
mined by bending of grains due to the motion of basal disthe values of the interatomic coupling forces, a generalized
locations. The activation energy of the deformation procesgnaracteristic of which is provided by the elastic moduli, it is
increases with increasing complexity of the crystal structureygyisable to begin our discussion with the dependence of the

and has a typical value for HTSCs. . structure and elastic moduli of YB&u;O;_ 5 crystals on the
Samples of the ceramic TIB&aCu;O, (1223 with oxygen concentration.
densities of (0.73—0.8pk were tested under compression at With variation of the oxygen deficits in the

i i —6 -5 1
a constant rate in the intervak2l0 °-4X 10 ° s - at tem- YBa,Cu,0,_ 5 system over the interval25=0 the crystal

0 #95 o] i
peratures of 750-850 €% The flow stress varied in the o pinits 4 nonsuperconducting tetragonal phase and several
range 1-300 MPa. As in the case of the other HTSCs, defors'uperconducting phases with orthorhombic lattitéed1-202

mation at the highest temperatures is probably controlled the most stable of which are the ortho | phage=0), with

diffusive viscous flow, while at lower temperatures a dis'°'oxygen ordering in the form of Cu—O chains, and the ortho
cation mechanism is dominant, as is evidenced by transmig; phase ¢=0.5), with Cu—O and Cu—Cu cha’ins alternating
sion microscopy of the deformed samples. along thea ax.is ’

In concluding this Section let us mention one other im- The nonsuperconducting tetragonal modification exists

portant question for HTSC technology. High-temperaturef r 1=6>(0.75-0.6): the lattice parametera=b<c/3,

thermomechanical treatment of metal oxides is accompanieé) Co
. . ) . . Dbasal-plane oxygen is either completely abseft1) or
on the microscopic level not only by intragrain and grain-

boundary dislocation and diffusion processes but also by pagccuplg_s the(1/2,0,0 and (0’1/2.'0 positions with equal
S . -probability. The ortho | phase, with.~90 K, can contain a

allel processes of sintering and growth of grains, recrystalli- . L :
. . certain number of vacant oxygen sites in the Cu—O chains,
zation of the materials, etc. All of these processes are

controlled by the diffusion of the least mobile structure com—and itis realized for 0.15 6>0, with lattice parametera

ponents, which in YBCO and BSCCO compounds are thesbz.cfi F:)r (.)'35? 5f2h0.15 Lheli)rtuo : pqise 'S rﬁ)rel\llalﬁnt,
heavy cations Y, Ba, Sr, and Ca. Optimization of the chemi- u_t with inclusions of the ortho 1l p ase. 'he or.t o Il phase
cal composition and preparation technology of HTSCs re2M1S€s for 0.66>0.35 and can contain I.I’IC|USIOI’_]S of the
quires obtaining information about the diffusion parametersortho | phase or be diluted with vacancies; the latiice param-

of those particle$®® The study of high-temperature deforma- e<t§:rrs<|2 O”:('S case obey the inequality-b<c/3, and 40 K
tion of HTSCs, which, as a rule, is controlled by diffusion ¢ )

processes, yields valuable information about the cation kinet- In _the region O_f t_emperatures below the temperature of
ics. the brittle-plastic limit <960 K) a decrease in oxygen

concentration led to plastification of the ceramic and lower-

2 INFLUENCE OF PHASE TRANSFORMATIONS ON THE ing of the ultimate strength’® According to the data of Ref.

MICROMECHANICAL PROPERTIES OF HTSCs 22, the yield stress of samp.les of the tetragonal phase is 16%

o _ lower than for orthorhombic samples; the development of
7.1. Influence of oxygen stoichiometry and oxygen ordering cracks was prevented by testing under compression at a con-
on the plasticity and fracture of YBa  ,Cu307-; stant strain rate of 2 10° s~ ! at room temperature under a

YBa,Cu;O,_ 5 crystals have a perovskite-like oxygen- hydrostatic pressure of 0.4 GPa.
deficient structure, and their physical/mechanical properties The authors of Ref. 15 obtained a lowering of the micro-
are largely determined by the behavior of the oxygen sublathardness of the YB&£u;0;_ 5 single crystals after heating to
tice. In particular, the symmetry of the crystal latfife!®” 500 K and explained this by the escape of oxygen from the
and the elastié? thermal'®® and electromagnefiz®?®prop-  sample. A study of the concentration dependence of the mi-
erties are very sensitive to the oxygen stoichiometry. ThecrohardnessH,,(8) of polycrystalline samples at room
oxygen concentration and the distribution of oxygen vacantemperaturt®™® showed that an increase 6fis accompanied
cies in the Cu-0 chains influence both the value of the ionidy a decrease iy, and the sharpest changelé{, occurs
charge of the lattice sites and the density of current carriers the interval 0.3< §<0.4. The data obtained on single crys-
and are associated with metal-semiconductor transitions artdls of the tetra §=0.9) and ortho §=0.1) phases indicate
a variety of transformations in the lattice structure and in thethat the oxygen concentration determines not only the value
electronic and magnetic subsystems. Accordingly, the supenf the hardness but also the character of its temperature de-
conducting transition temperatule is lowered to complete pendence, which is sharper in the tetra pha3e.
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of the lattice within the orthorhombic symmetry as a result of
the simultaneous ordering of oxygen vacancies.
14 + Ultrasonic measurements on YBCO samples have
+ ! _ showrf® that the elastic shear moduli increase monotonically
EL + by an average of 11% with increase of the oxygen concen-
Wi tration, i.e., for a variation  6>0. The compressive moduli
12 increase for > 6>0.3 and then decrease. The elastic con-
stants of YBaCu;Og single crystals are on average 15%
lower than those of YB#u;0; (Ref. 29, and there are as
Y yet no data at intermediate oxygen concentrations. These re-
i Ngla DN sults permit the conclusion that the slight and linear variation
*‘}”f"\\ of the elastic moduli withé cannot be responsible for the
NG measured dependence of the hardness on the oxygen
" N concentratio®>13the effect apparently is of a dislocation
A

8r T + nature.

o b

H,, GPa

2 \\ Table Il gives the thermal activation parameters of the
H plastic deformation process near an indenter impression in
YBCO crystals with different oxygen concentration. It is
seen that increasing in the interval 0.% 6<<0.9 leads to a
m decrease in the barrier height and activation volume by a
..§. factor of approximately 2.5. The aluminum impurity in Y—AI
crystals alters the numerical values of these parameters
L somewhat but has practically no effect on the character of
7 Ggr’ 6 their dependence on the oxygen concentration.
There can be no doubt that the degree of filling of the
FIG. 23. Concentration dependence of the microhardness of YBCO singl@xygen positions in the Cu—0O chains in impurity-free crys-
O o e e v s ¥2% 12l has a sensilive influence on the properies of disloca-
tions, including the parameters of the Peierls relief retarding
their motion. It can be assumed that impurities of the alumi-
_ ~num type have a significant influence on the mobility of
The most detailed study of the dependence of the microgjs|ocations in the Peierls relief, since at low concentrations
hardness of YBCO compounds on the oxygen concentratiogych jons substantially alter the oxygen environment of the
(in the interval 0.3 6<0.9) and on temperatur@n the in- (g 0,0 sites that are occupied by them and also on the degree

terval 77-300 K was done in Ref. 173 on single crystals of qf ijling of the Cul positions and of the apical positions 04
two series: Y-Pt and Y—A(the Al and Pt impurities were [1204].

introduced into the melt and thence to the lattice from the  \ye note that the difference in the values of the barriers
crucible materigl Unfortunately, these impurities had an ap- U, for crystals withs=0.4 ands= 0.1 (Table 1) is in quali-
preciable influence on the micromechanical characteristics Ghtive agreement with the dependence of the activation en-
the crystalgFigs. 15 an_d 2B vyhich led to some distortions ergy of the detwinning process on the oxygen deffif In

of the effects under discussion here. Figure 23 shows thge |atter case this is due to the fact that the motion of twin-
Hy(6) dependence for crystals of the Y—Pt series at thregjng dislocations in the YBCO lattice is associated with the
temperatures, 293, 200, and 77 K; it is seen in the figure thajiffysive motion of the chain oxygen in the twinning plane
the removal of oxygen is accompanied by a decreast\of  (110) in the direction counter to the direction of the twin
The circumstance that the dependehig ) is strongest at  snear; consequently, the activation energy for the motion of
room temperature is in agreement with the data obtained ifyin boundaries should correspond to the activation energy
Ref. 133 in the indentation of crystallites in ceramics: in bothto oxygen diffusion and should vary in accordance with the
cases a sharp softening of the crystals occurred with increagnange in concentration of the oxygen vacancisof the

ing oxygen deficit in the interval 0s836<0.4. In crystals of oxygen index %" The interrelation of twinning and slip can

the Y—Al series the softening effect was also observed, but ibe examined only by analyzing the results of measurements
was considerably weaker and the drogHp(5) was shifted o crystals of the ortho phase.

to largeré. Because of the limited set of oxygen concentra-
tions the threshold value af at which the drop begins was
not established.

The jump in microhardness at an oxygen indéx
=0.3-0.4(Fig. 23 is far removed from the boundary of the The compound LgCuQ, is known to have two polymor-
tetra phase and more likely corresponds to the region of thphic modifications: high-temperature tetragond/mmm
ortho I—ortho Il transition. Observations of the structure of and low-temperature orthorhomb@mcg the transition be-
the samples with polarized optics confirm this conclusioniween them occurs at a temperatiig,=533 K.2°> Substi-
the “soft” crystals may contain twins, which are not charac- tution of La and Cu by some other cations leads to a lower-
teristic of a tetragonal lattice. Thus the sharp changelyn ing of the transition temperature and to a change in other
should apparently be attributed to a change in the propertigshysical properties of this compound: for example, partial

7.2. Influence of the tetra-ortho transition on the
microhardness of La ; g5Srg15CuQ, crystals
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14 types and structure of the dislocations in LSCO are not yet
known, but it was noted in Ref. 208 that an insignificant
o density of growth dislocations is observed in,CaO, crys-

° tals. By analogy with YBCO one can assume that the slip
plane in LSCO crystals is th€001) basal plane, and the
LSCO °\ YBCO Burgers vector has the directigd00). This means that the

elastic properties of dislocations and their mobility correlate
with the elastic constan€C,,, which, as was mentioned
A o) above, remains practically unchanged at the tetvatho
10 ~ A—a structural transition.

Hv' GPa
| 4
|
| 2
o

7.3. Influence of the superconducting transition on the
e 100 P g

\ kinetics of microcreep of HTSCs
8r °

One of the most striking effects in the low-temperature
‘\ physics of plasticity is the plastificatiofsoftening of a
metal at its transition to the superconducting staté¢'°This
effect has been registered in many conventional low-
6 1(')0 2(')0 360 temperature superconductors. It is manifested in the stage of
T, K well-developed plastic deformation both in testing by the
active deformation method and under conditions of creep.
FIG. 24. Temperature dependence of the microhardness of single crystals qf o change of state of the superconductor can also lead to a
YBCO (6=0.1), L&CUO;, and L3 5504CU0, (Ref. 18. change in the kinetics of plastic flow—a transition from jum-
plike to smooth deformatioft! It has been established that
this effect is manifested most vividly in plastic fcc metals
substitution of lanthanum by strontium (L&Sro.1504) leads  (lead, indium, for which the jump in the flow stressoys at
to valuesT1o=180 andT.=39.5 K. It is of interest to as- the transition from the normalN) to the superconducting
certain the physical/mechanical properties of the tetra angs) state reaches a relative valuel0%: in the case of the
ortho phases of this superconductor in the vicinity of theless plastic bcc metal@iobium) Aoys has a value~1%.
phase transition. The elastic moduli of the compound LSCOraking a metal from the\ to the S state in the process of
near the temperatur@ro has been studied in detail in @ creep can lead to an extremely significant increase in the
number of theoreticd>*° and experiment&?°” papers. creep ratei /iy~ 10—16. In observations of this effect the
Analysis of thel4/mmm- Cmcatransition in Ref. 205 per- superconducting transition is usually brought about by cool-
mitted calculation of the relative jumps of the elastic moduliing to temperature§ <T, or, at a constant temperatufle
starting from the values of the crystal lattice parameters. The<T_ | by switching off and on a magnetic fieli>H_ (or, in
absolute values of the moduli and their change at the phasadividual cases, a currefjitj.).
transition have been measured experimentally ¥er0.13 At the present time it is thought that the main reason for
(Ref. 83 and x=0.14 (Ref. 207 on L& _,SrCuQ, single  the increase in plasticity at the transition of a metal from the
crystals. Among the important conclusions that can be drawRormal to the superconducting state is a decrease in the elec-
is that the elastic consta@ly, remains practically unchanged tron drag force on dislocations as a result of the Cooper
at the soft-mode tetraortho transition, while at the same condensation of conduction electrd{&210
time some other elastic constants decrease rather strongly, in  |mmediately after the discovery of high-temperature su-
particular the constar@¢s decreases by more than 5GRef.  perconductivity, attempts were made to observe the softening
83). effect at the N-S transition in this new class of
As is seen in Fig. 24, the temperature dependence of theuperconductord:126:131.212-214\/arious  methods of me-
microhardness of La ,Sr,CuQ, (x=0.15) crystals does not chanical testing were used: in Refs. 126, 131, and 212 the
exhibit any features in the vicinity of the structural phaseinfluence of temperature on the microhardness of single-
transition!® One can present several arguments as to therystal and polycrystalline HTSCs was studied in attempts to
cause of this behavior of the microhardness, taking into acreveal features on the temperature dependence of the micro-
count that the change in the plasticity and the elastic propehardnesd,(T) nearT.; in Refs. 20, 21, and 213 tHé-S
ties at the phase transition must be reconciled. For crystals @fansition was brought about by turning a supercritical cur-
the LSCO family, like those of the YBCO family, there are rent on and off during microcreep of a YBa,O,_ 5 ce-
typically two modes of deformation: twinning and slip. ramic, and a laser interferometer was used to register the
There is no information in the literature as to the twinning of deformation; in Ref. 214 theN—S transition was also
the tetragonal modification of LSCO, but it can very easilyprought about by a current during testing by the creep
take place in the ortho phase along two systems: (110ethod, but with the use of standard methods to register the
X[110] and (110)[110Q]. In view of the small value of the deformation. The main results of the experiments listed have
twin shear the deformation caused by it does not exceeleen summarized in Refs. 126 and 214.
1.7% upon a complete twin reversal of the sample; conse- Although attempts to detect this effect were undertaken
guently, the significant deformations7% near an indenter in the study of the temperature dependence of the microhard-
impression are mainly due to slip. The slip systems and theess of HTSCs neaf. on single crystals, highly aligned
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FIG. 25. Interferogranfuppe) and a part of the creep curve of polycrystal-
line YBCO calculated from it for 77 K and=12 MPa. Each oscillation on
the interferogram corresponds to a change in the length of the sample by 0.3 0.5 I
um. The arrows indicate the times at which a currgat25 Alcn? was
turned on and oft?
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samples, and polycrystals of various den$ity*>"?*2anoma- 100 1? 0}? 300
lies like those observed previously on conventional super-
conductors, i.e., an increase in the plastic compliance upoﬁ'G- 26. Spectra of the rates_, of inelastic deformatiqn in cqmpression of a
transition to the regioﬁ'<Tc 7209,210\Nere not found for any YBCO p_olyc_rystell. The appllgd _streas: 10 MPa. Fme_-gramed samplg

. . with grain sized=1-3um (1); single-phase large-grained samples with
of the Y-HTSCs(see, e.g., Figs. 14, 15, 18, and) 18 Bi-  gensity p=5.5 g/cni (2) and p=5.8 gicn? (3); multiphase large-grained
HTSCs(see Fig. 21 The authors attribute this to insufficient sample with grain size=10-30.m (4, Ref. 20.
accuracy of the method uséthe large scatter in the micro-
hardness valugsnd to the small relative value of the effect
in the case of the brittle, relatively aplastic metal oxidesamples with the same value ©f and somewhat different
HTSCs. density (5.5 g/crifor sample2 and 5.8 g/cr for sampled)

In Refs. 19-21 and 213 the inelastic deformation ofthere are large differences between the deformation rates at
HTSC ceramics in the normal and superconducting statethe maxima, whereas the temperatures of the maxima are
was studied by the microcreep method. The superconductipractically identical. It is seen in Fig. 26 that of the three
ity was destroyed by passing a currgntj. (at 77 K the peaks present in all the spectra, the one with the highest
critical current density,=15-25 A/cn?), and the deforma- stability in temperature is the peak &, =90 K, which
tion was recorded by a technique based on a laser interfelies close toT.. This peak was explained in Ref. 20 by an
ometer, which permitted making precision measurements dhcrease in the mobility of dislocations at the transition to the
the deformation rate. Upon passage of a curijeni. the  superconducting state, in analogy with the ideas developed
interferogram always showed a slowing or stopping of thefor low-temperature superconductéf$:21°
deformation(Fig. 25. A change in the microplastic deforma- It is now known that the temperature dependence of dif-
tion rate by a factor of 2—8 upon a change of state of derent characteristics of high-temperature superconductors
YBa,Cu;0;_ s superconducting ceramic was also observechave anomalies nedi; (the Young's modulus, damping dec-
in Ref. 214. These observations can be regarded as weakment, linear expansion coefficignthe authors of Ref. 20
manifestations of the plastification effect at BR-S transi-  believe that these effects are of the same nature as those
tion, and the authors of Ref. 19 believe that they are due tobserved in their study, viz., that the anomalies are caused by
the easier motion of twin boundaries under conditions ofmicroplastic deformation occurring in places where high lo-
decreased electron drag. cal shear stresses are acting.

Figure 26 shows typical spectra of the inelastic deforma-  Despite the encouraging results of Refs. 19-21, 213, and
tion rates of the yttrium ceramics YB@Gu;O;_ 5 (Ref. 20: 214, an unambiguous answer as to the nature of the micro-
one for a fine-grained ceramic with a grain size of 48  plastic deformation of ceramics and to the influence of the
(curve 1); another for a multiphase coarse-grained ceramicsuperconducting transition on the plasticity of HTSCs has
with a grain size of 10—3@m (curved); two spectrgcurves  not been obtained. The main complications encountered by
2 and 3) for single-phase coarse-grained samples from difresearchers are due primarily to the significant difference in
ferent batches. Curve® and 3 attest to the fact that for both the electronic and mechanical properties of HTSCs
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from those of ordinary low-temperature superconductors. In  Improvement of the elastic and strength properties of
Refs. 19-21, 213, and 214 the superconductivity of HTSGceramic YBCO has also been achieved by the admixture of
ceramics was destroyed by passing a current of critical derthe oxide HfQ to the systemi?*?*>The threefold increase in
sity through the sample. However, as was noted in Refs. 21the microhardness of the YBCEXHfO, system was ex-
and 215 the state of the superconductor that arises in th@lained by the presence of the HfBaCu@hase.
case is not, strictly speaking, normal, and it would be more  The mechanical properties of HTSC/Ag composites ex-
accurate to speak of a complex resistive state: at the curremnt in 1993 were partially reviewed in Ref. 227. Some of the
densities used, the superconductivity was destroyed only ithformation contained there and also more-recent results are
the system of intergrain Josephson contat¥$while the  discussed below.
grains themselves remained superconducting. The plasticity =~ Silver is present in composites both in the form of metal
of metal oxide HTSCs and the observed value of the plastiparticles and as impurities of the Y123 lattice, which substi-
fication effect at theN—S transition in them turned out to be tyte for a small number of the copper i1&-23°The ben-
many times smaller than for ordinary metallic superconducteficial influence of silver particles is due to the high plastic-
ors. A definitive answer to this question will require further jty of silver and to the favorable distribution of internal
studies, preferably on single crystals. Since the plastificatiogtresses in a composite in which the Y123 phase is under
effect at alN—S transition increases with increasing density compressive stresses and the plastic silver is in a state of
of mobile dislocations, it may be more promising in this tensjon?®! The admixture of silver decreases the density of
regard to use the more plastic Bi-containing HTSCs. voids, increases the resistance to crack propagation, blunts
the tips of the cracks, and suppresses their development. Sil-
ver increases the stability of a composite in a surrounding
8. MECHANICAL PROPERTIES OF HTSC COMPOSITES AND medium. We note that silver in composites predominantly
MIXTURES occupies the space between grains and noticeably improves

To meet the demand for HTSC materials with suitabl the intergrain contacts, leading to a sharp drop in the resis-

electrophysical, superconducting, and mechanical charactefl¥ity Of samples even at extremely low Ag concentrations.
istics, attention has focused primarily on metal—ceramic! "€S€ composites remain high-temperature superconductors
composites. An enormous number of publications have beeRVeN at large silver fractions of the order of 50-60%.
devoted to various topics in the problem of HTSC compos- A detailed study of the mechanical properties of
ites. It should be noted that modern technology is capable of B&2CtsAG(O; -y composites upon variations of the silver
producing bulk YBCO and Bi-2223 superconductors with content in the intervak=0-1.5 has showfi” that the opti-
high critical current density, up to $00/cm? at 77 K in.a  mum value isx=0.3, at which an almost twofold increase in

magnetic field of up to 1 T, and of manufacturing long mul- strength(to 230 MPa is achieved, while the microhardness
tistrand cables with a critical current above 2 K&-222|n  and fracture toughness are increased by almost 40%. Non-
this Section we discuss the mechanical properties of HTS@onotonic dependence of the mechanical characteristics on
Compositesy as these are the decisive factor in their app“céhe silver concentration is attributed by the authors of Refs.
tion, especially in the production of flexible cables and rib-232 and 233 to an appreciable influence of Ag on the sinter-
bons. ability of the ceramic; ax increases to 0.3 the porosity de-
The main progress in improving the mechanical propercreases, and the silver is uniformly distributed along the
ties of HTSC materialgstrength, plasticity, and fracture grain boundaries, filling the voids, which is accompanied by
toughnesgshas been achieved through the use of heterophadgprovement of the strength characteristics of the ceramic;
structures and the introduction into the superconductor ofith further increase ix (x=0.6 andx=1.5) the silver balls
particles of other compounds that do not degrade the electrFome together more often and become larger. The admixture
cal properties, e.g., particles of Ag, ZyQor HfO,. In the  of silver cleaned the grain boundaries and increased the
case of Y123 it has been shown that a substantial increase §iructural and chemical stability of the composite. Mean-
strength and fracture toughness of a ceramic is obtainewhile, the difference in the coefficients of thermal expansion
through the joint use of Ag and ZgO of Ag and YBCO can lead to the formation of voids around
The introduction of particles of the oxide ZgQnto  the silver balls and decrease the strength, hardness, and frac-
Y123 was done after the particles had first been coated witkure toughnes&¥
a protective layer of the Y211 phase, which has a higher A significant increase in the fracture toughness of a
melting temperature and prevents the undesirable reaction6123/Ag composite with a silver fraction of 30 wt. % was
of ZrO, particles with the superconducting phase Y123 dursegistered in Ref. 2340 2.5 MPam®? at room temperature
ing sintering of the ceramit®® The introduction of 20 on notched samplgsBetter strength characteristics were ob-
mol. % ZrO, made it possible to prepare a composite withtained in Ref. 235 for a composite with a silver content of
fracture toughnes&;.=4.5 MPam'?, which is almost 4 20-25 wt. %.
times higher than the value &, for pure ceramic Y123. In Ref. 236 the mechanical properties of a
Here the strength remained at the previous level of 60 MPayBa,Cu;,O;_ s—40 wt. % Ag composite were investigated
even though the density of the composite became smaller byver a very wide temperature interval 77—900 K. An increase
9%. The improvement of the mechanical characteristics foof up to 50% in the compressive strength in comparison with
the YBCO+xZrO, was attributed by the authors of Refs. a pure YBCO ceramic was found. The main difference of
223 and 226 to the presence of a Zr-enriched phase on thhis composite, however, was its higher plasticity character-
surface of the YBCO granules and in the intergranular spacestics: the deformation to fracture amounted to 4—-5% at tem-
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peratures in the interval 300-900 K, whereas ordinary20 wt. % Ag0O have the high mechanical strength necessary
YBCO ceramics suffer brittle fracture under those condi-for their use as permanent magn&$As a result, the
tions. trapped field reached values of 2.1 Tat 77 Kand 9 T at 25 K;
In grain-oriented YBCO/Ag the silver particles are lo- the maximum value of the trapped field was limited by frac-
cated both between and inside grains, ensuring high meure of the composite.
chanical properties of the composite in comparison with sto-  With the goal of improving the properties of HTSC ce-
ichiometric Y123 sample¥? In particular, the presence of ramics the method of reinforcing them with filaments of an-
silver in the microstructure strongly decreased the macrogther material, which was developed for ordinary ceramic
scopic cracking, and such samples are difficult to cleavgonstruction materials. Silver was chosen as the metal for
along the(001) cleavage planes. reinforcing the ceramic for the following reasotfé:1) the
In Ref. 237 special studies were made of the microstrucreserve of plasticity of silver is not less than 50%;siver
ture, strength, and deformability under compression of cehas a higher coefficient of thermal expansion, of the order of
ramics make from YBgCwO; , and AgO powders by 2x107° deg ! in the temperature interval 0—500 °C, which
powder metallurgy technology, including extrusion. It wasis important for prevention of cracking in the high-
shown that the high strengi200 MPa and plasticity(de-  temperature processing of the compositesib/er has high
formation to fracture greater than 3%f samples containing thermal and electrical conductivity) 4ilver is paramagnetic.
60 vol. % silver oxide, are due to metallization of A par- In Ref. 244 the composite Y123/Ag was prepared with
ticles as a result of the partial decomposition of the oxidethe use of a powder and silver filaments 0.5 mm in diameter
which led to the formation of a well-developed metallic layer and 35-55 mm long, uniformly distributed over the single
at the YBCO—-AgO interphase boundaries. In the process ofcrystal of the sample and oriented along its axis. The com-
extrusion the plastic deformation occurs not only at the metposite samples had high strength characteristics at 77 K in
allized grain boundaries but also in the grains of the ceramicesting by the three-point bending method.
An appreciable fraction of the dislocations formed in the In Ref. 245 a comparative study of the physical/
YBCO grains remained after a subsequent annealing of theechanical properties of Y123 samples reinforced with sil-
composite in oxygen, which gave rise to efficient pinningver filaments(the filaments were 5@m in diameter and 10
centers in the volume of the superconducting grains. Aftemm long, the volume fraction of silver was 0, 5, 8, 12, and
annealing in oxygen, the extruded wire exhibited a shar@d5%) and prepared by the usual sintering technoldfinst
superconducting transition starting at 91 K and reaching zergeries of samplg¢sand by the method of hot isostatic
resistance at 82 K. pressing—HIP (second series of samp)esThe second
The addition of small amountsess than 5 vol. Ysilver  method gave substantially better results without degradation
to a YBCO ceramic was found to have a detrimental effecof the superconducting properties: the porosity of the
on its mechanical propertié&® which was believed to be due samples of the first series increased linearly from 17% to
to the formation of large voids and dense domains during th@7% with increasing volume fraction of silver, whereas all
sintering of the ceramic as a result of the localization of thethe samples of the second series had a density of 92—-96% of
liquid phase around the silver inclusions. With increasingthe x-ray value. The strength and fracture toughness of these
volume fraction of silver the fracture toughness was ob-conditions were determined in deformation by three-point
served to increase? in a composite with 18 vol. % Ag the bending of samples of rectangular cross section. The strength
coefficient K;., measured from the length of the crack decreased linearly with increasing volume fraction of silver:
around an indenter impression, was 2.5 times higher than ifrom 34.3+6 MPa to 21.% 6.2 Mpa for the first series, and
pure YBCO. Microstructural studies showed that the mainfrom 56.2+ 7.3 MPa to 50.4 4.2 MPa for the second series.
mechanism of increase in fracture toughness is the shuntingowever, the samples after HIP exhibited an increade,of
of microcracks by the plastic silver particles. In both pureby almost a factor of four, from 1:20.3 MPam'? to 4.5
YBCO and YBCO/Ag composites, the dependencélofon  +0.3 MPam®? whereas for the samples of the first series
the porosity is described by relatigd). However, the mi- the increase was only by a factor of 1.5, from 0.8
crohardness of the composite is significantly lower and less=0.3 MPam'? to 1.23+0.3 MPam*2 The more compli-
sensitive to internal defects. cated HIP technique in combination with laser annealing led
In Refs. 240 and 241 the structure, acoustic, resistiveto high mechanical properties of the Y123 composite rein-
and magnetic properties of a Y123/Ag composite were studforced with silver filaments, but the small grain size and
ied over a wide interval of silver concentratiofi@—100 large number of grain boundaries limit the possibility of in-
vol. %). Analysis of the x-ray data and of the behavior of thecreasing the critical current.
structure-sensitive peak of the ultrasonic absorption showed Substantial improvement in the physical/mechanical
that in the technologically important region of concentrationsproperties of HTSCs based on BSCCO has been achieved in
below 20 vol. % Ag the HTSC phase Y123 does not underg8SCCO/Ag composites. Synthesis of
any substantial changes. It was found that the formation oBi; sPh, ,Sr,CaCu;O,/Ag composites by the admixture of
intergrain silver layers of various thickness largely deter-Ag in the form of particles, whiskers, and wires has shtff¥n
mines the variation of the critical parameters and the elastithat the addition of silver improves the growth of the grains
and relaxation properties of granular composites. of Bi-2223 and decreases the porosity of the samples; the
Composite ceramics Y123/Ag and Sm123/Ag with im- composites have higher strength and compliance in testing
proved mechanical properties were prepared in Ref. 242y the three-point bending method. The fracture of the com-
Grain-oriented Sm123/Ag containing an admixture of up toposites was of a brittle character. The dependence of the
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strengthos on the porosityp of the composite containing 30 view the problem with the eyes of specialists in the physics
vol.% Ag (particles was described by relationid): o of plasticity and strength and attempt to discuss the main
=130exp(3.5p), with values varying from 55 MPa gt aspects of this problem in the framework of modern ideas of
=0.25 to 10 MPa ap=0.65. The microhardness of this the structure, dynamics, and kinetics of various defects of the
composite was lower than that of single-crystal BSCCOQOcrystal structure as elementary “carriers” of inelastic defor-

2223: 460-60 MPa as against 66070 MPa. Composites mation and fracture. Thus our reviews are aimed mainly to-
containing whiskers had greater strength and plasticity thaward workers in the field of the physics of plasticity and

those made with particles, but the best components turnestrength of solids. At the same time, we recognize that these
out to be those made with long silver wires, owing to thereviews will also be useful for specialists in the fields of

high relative elongation of the wires. physical materials science and the technology of creating

BSCCO 2223/Ag composites were subjected to differennew materials, workers whose interests lie in the area where
modes of mechanical testing: bending, compression, tensiothe basic science of materials and the engineering develop-
fatigue?*”?48 Cyclic deformation at 77 K between limits of ment work aimed at their practical application come together.
—0.18% and 0.25% did not lead to noticeable degradation oFinally, as necessary they should help give specialists in the
the current-carrying properties of ribbons, which attests tghysics of superconductivity and electrophysical processes at
the possible of their practical applicatié#?It was found that  least a rough idea of the crystal-physical, materials science,
a simple and reliable method of controlling the quality of and technological sides of the problem of highsupercon-
ribbons and wires of BSCCO/Ag and for determining theductivity.
optimal technical parameters of their fabrication was mea-  This review was submitted for publication on the eve of
surement of the microhardne¥s as this quantity is sensitive a significant date for the authors: November 27, 2003, the
to the density of the matrix, which has a strong influence orB0th anniversary of the birth of Prof. Valerian Ivanovich
the critical current density. Startsev, a notable scientist and engineer of Ukraine, one of

By reinforcing the ceramic matrix of BPSCCO 2223 those researchers of the second half of the twentieth century
with fibers of ALO3;, which have high strength, one can whose works laid the foundation and fostered the develop-
obtain composites characterized by high toughness, strengtiment of the modern physics of plasticity and strength of
and fracture toughness at both room and nitrogersolids at low temperatures. Part of his legacy is a large and
temperaturé®® Tests of samples with a notch in the three- efficiently operating scientific school to which the authors of
point bending scheme gave the valuég.=6 MPam'? at  this review belong. As a tribute to this outstanding scientist
77 K andK;.=3.5 MPam? at 293 K, whereas for the and human being, we dedicate this review to the glowing
monolithic 2223 cerami& ;<1 MPa m*2, memory of Prof. V. |. Startsev.
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The resonance spectrum of coupled electron—ripplon oscillations in two-dimensional electron
crystals over liquid helium are investigated in the range of surface electron dengities
=(3.2—-10.8)x 10° cm™ 2 at holding electric field€, =300—-1150 V/cm, and in the temperature
interval T=0.08—-0.4 K. As a result of an analysis of the spectra, the yeand imaginary

X2 parts of the inverse conductivity ! of the crystals are obtained as functionsTofng, and

E, . The value found fory, is in good agreement with the theoretical estimates. Analysis

of the dependences qf; suggests that the energy losses in the electron crystal are due to defects
of its crystal structure. €004 American Institute of Physic§DOI: 10.1063/1.1739132

INTRODUCTION Theoretically the conductivity of a Wigner crystal over

| di . D) el | h ; liquid helium has been studied in the case of a unifoamd
n a two-dimensional2D) electron layer on the surface a nonuniform driving electric field in the layepn the as-

of liquid helium for a certain relation between the kinetic and . . .

: . : . sumption that the main mechanism of energy loss from the
potential energies of the electrons a spatial ordering occurs, . ) i ;
and an electror{Wignen crystal forms. As a result of the crystal is the damping of capillary waves excited by the crys-

crystallization the electrons are localized, which gives rise t&al durm_g the motion. It has trned (?Ut' however, that this
the appearance of local depressions of the liqdichples. mechanism pannot explain the experimentally observgd val-
The electron—electron scattering in the crystal and th&!€S Of the width of the CERO resonan&%apd the question
degree of coupling of the electrons with the surface of the®f What processes govern the main contributions to the en-
liquid can easily be varied over rather wide limits by chang-€rgy loss of the electron crystal in its motion remains open.
ing the experimental parameters: the electron surface densiyhe existing experimental information about the losses in an
ns, the temperatur&, the holding electric fieldE, , directed  electron crystal over liquid helium is sparse and, apparently,
normal to the surface, and the driving electric fiedg,, insufficient for further, more detailed, theoretical analysis.
which acts in the plane of the electron layer. An electronTherefore, it is desirable to do additional and comprehensive
crystal on the surface of liquid helium is a promising systemexperimental studies, and that was the goal of the present
for studying the properties of both the 2D crystal itself andstudy. In it we measured the complex conductivity of the
the surface of the liquid, as is shown, in particular, by theelectron crystal as a function of the main quantities that gov-
melting of the 2D crystdl” and the change in surface tension e its properties: temperature, electron surface density, and
of weak *He—"He solid solutions. the holding electric field under conditions when the driving
Crystallization i_n the electr_on layer over liquid helium Gifrerent is rather small and does not influenaa only
was first observed in the experiment by Grimes and Adams\Neakly influencesthe measured quantities. The studies were

from the appearance O,f cqupleq elec.tron—ripplon OSCiIIationiione in the frequency region corresponding to excitation of
(CEROg—specific oscillations in which the phonon modes the CERO resonances in the experimental cell. It should be

of the 2D crystal are coupled with capillary modes of thenoted that, in addition to the conductivity measurements, in-

liquid surface’ o . . . . .
quid € vestigations in the resonance region also yield additional in-

The resonance frequencies of the CEROs can be caICL€6 i bout th tal si : ticular. the f
lated without any adjustable parameters in the framework o rmation about the crystal, since, in particular, the fre-

a self-consistent theofyand the results of the calculations dUency of the CERO resonances reflects the structure of the
are in good agreement with the experimental dafae po- electron crystal. We note that the fact that the position and

sition and width of the CEROs depend on the value of theshape of the resonance curve are independent of the ampli-
complex conductivityo of the electron layer. tude of the measuring signal and, thus, of the value of the

The conductivity of an electron crystal over liquid he- driving field, are grounds for assuming that the measurement
lium is a quantity that contains information about both theregime is linear, while the variation of the resonance spec-
2D electron layer and about the surface of the liquid, andrum with increasing signal amplitude attests to the nonlinear
also about the features of the coupling between these twregime that can be brought about by structural changes in the
subsystems. crystal.

1063-777X/2004/30(5)/11/$26.00 377 © 2004 American Institute of Physics



378 Low Temp. Phys. 30 (5), May 2004 V. E. Syvokon

EXPERIMENT ductivity of the electron layer were the solutions of the sys-
] ] tem of equationg2), (3). In principle, for determining the
In the present study we have used a cell with circulargqnqyctivity it is sufficient to measure the real and imaginary
symmetry, hgvmg the form a flat capacitor formed by platesparts of the response at a single frequency. The choice of this
2.7 mm in diameter with a 0.2 mm gap between them. Theyoqency is largely determined by the experimental condi-
liquid helium surface was located approximately in thegqng and capabilities. In order to ensure a linear regime of

middle of the gap, the thickness of the helium layer amount;,aasurements it is necessary to use an input signal with a

ing to 0.9-1.3 mm in different experiments. The surface Ofinimal amplitude, but then the measurements are substan-
the liquid was charged at a temperattire 1.3— 1.5 K by the

tially affected by the signal-to-noise ratio and a greater influ-

brief heating of a tungsten filament located outside the caznce of systematic errors due to the model description of the
pacitor gap. Electrons escaping from the filament were therr'neasuring line and the input circuits of the measuring de-

malized on atoms of the vapor and were held to the heliuny;.oq

surface by a positive potential of 60-230 V applied o the A characteristic feature of the present study is that the

lower electrode. The lower electrode was made in three equ%'onductivity measurements were made in a frequency region

sectors connected independently to the voltage source. Sughhich resonances of coupled electron—ripplon oscillations
a construction permitted adjustment of the apparatus 10 0Ryere excited in the experimental cell. In that case the con-

tain an identical height of the Ii_quid.helium relativ_e to the ductivity of the electron crystal can be determined in two
lower electrode and thereby uniformity of the holding elec-\yqys. either as a result of measurement of the phase and
tric field. The hqnzontal adjustment of the cell was MONi- amplitude of the output current at any fixed frequency, or as
tored by measuring the punch-through voltage on each of thg req,it of measurement of the frequency dependence of the

sectors. As a result of the adjustment the thickness of the jirde of the output current in the region of the resonance
liquid layer was identical along the lower electrode to within ;4 5 determination of the position and width of the reso-

an error of 2Qum, making for high uniformity of the holding  ance curve. In the determination of the conductivity from

electric _field and the electron surface Qensity. F_or formingp, amplitude and phase of the output current at a fixed fre-
the profile of the electron spot a guard ring on which a negagency it is desirable to use measurements at a resonance

tive potential was applied was used. To determine the eleGrequency, since then the signal-to-noise ratio is maximal and
tron surface densitys the crystallization temperature, which o influence of the measurement errors, including system-
is proportional tons, was measured. In the majority of €X- a4ic errors, is minimal. In that case, however, it must be
periments the electron density was also registered at the engl e in mind that the effective electric field in the plane of
of a series of measurements to check that there had been §Q, ejectron layer under consider conditions can be higher
uncontrolled losses of electrons during the measurements. {21 under nonresonance conditions at the same value of the

The upper capacitor plate consisted of a system of ringz mpjitude of the input signal; this can give rise to nonlinear
shaped measuring electrodes. The input signal—an ac volfacts.

age with the required frequency—was applied to the outer |, gy dies in the resonance region it is necessary first of

electrode, and the response signal, proportional to the curregjj e establish which resonance oscillations are possible in
induced in it, was taken from the inner electrode. the system under study. The change in the charge density in

The relation between the output currénand the input ¢ glectron layer can be determined as a result of solution of
voltage with amplitude/,, and frequency, Laplace’s equation for a two-dimensional conducting layer

J=(G1+iwG,)Vyexpint), (1)  with allowance for the geometry of the cell and the corre-
sponding boundary conditions. In the case of a circular ge-
‘ometry the density perturbation due to plasma resonance in a
layer of uniform density located between electrodes of infi-
nite extent has the forth

for a known geometry of the cell depends on the conductiv
ity o of the electron layer, the coefficien®, andG, being
functions of it. These functions, determined by solution of
Maxwell's equations, have the foffh

B 5 Sp~JIm(kr)expime), 4
G,=ne?> A neox 2

17 Ns€ & ”(mw% —nlwy,) 2+ (nwy,)?’ (2) whergr and ¢ are polar coordinates, ardd,(x) is the Bessel

" function of orderm. The possible resonance modes can be
g mw% —nlwy, described by numbersx and n, wheren enumerates the

G,=ne’ D>, A d +do- ascending sequendag, ...k, from the admissible boundary

LA ”(mwf;n—nSeZwX2)2+(nSe2wX1)2 ’ conditions. "

) The equation fok has the form

Herem is the mass of the electrog; andy, are the real and mJ.(kR)—KkR, . 1(KR) =0, ®)

imaginary parts of the inverse conductivity of the two-

dimensional electron systent; =Rec ™ %; x,=Imo *, wfan whereR is the radius of the electron layer. In the case of
=4mne’F,/m, and the coefficientd,,, g, andF,, depend axisymmetric oscillationsmi=0) this equation reduces to
on the shape and dimensions of the experimental cell. J1(kR)=0, and the numben in that case simply enumerates

In the experiment two linearly independent componentghe zeroes of the first-order Bessel function.
of the output current, the amplitude and phase, were mea- In this paper for determining the conductivity we mea-
sured in a certain frequency interval, aBd and G, were  sured the amplitude and phase near the fundamental mode
thereby determined. The real and imaginary parts of the con0,1) of coupled electron—ripplon oscillations. The amplitude
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of the input signal in all the measurements was 1 mV. The o 2 w|4

(0,1) resonances for a crystal with a density correspondingto ImZ;= 2 C— > =, 8

the condition of complete screening of the holding field has =1 e (eof) a0y

also been studied at a fixed low temperature 83 mK at amwhereC, is a coefficient characterizing the intensity of the
plitudesV, equal to 0.3, 0.5, and 2 mV. It is found that the electron—ripplon couplinge, and vy, are, respectively, the
position and relative amplitude of tl{@,1) resonance remain frequencies and damping coefficients of the capillary waves
constant within the error limits of the experiment at thesewhose wave vectors coincide with the reciprocal lattice vec-
amplitudes of the input signal, but f&fob=2 mV there is a tors of the electron crystal. The coefficie@ can be ex-
noticeable frequency shift and a change in the relative ampressed &s

plitude of the resonance. Therefore, the amplitude of the in- V2
put voI_tageVo=1 mV at which the measurements were C = s Izexp(—k,<uf>/2), 9)
made in the present study apparently corresponds to the aMmao;

boundary of the region of linearitithe regions in which the  here the value of in the limit of high holding field<, is
conductivity is independent of the amplitude of the eXC'tEdproportionaI to the fieldV,<eE, , « is the coefficient sur-

signal or, in other words, independent of the value of the,ce gurface tensiork, is the wave vector corresponding to
holding field. o the frequencyw, , and(u?) is the mean-square displacement
The real and imaginary parts of the conductivity of the y¢ 16 electrons at the sites of the crystal lattice. The effective
electron crystal were determined as a result of solution of th?nobility of the electrons is expressed in terms of the re-
system of equation@®), (3) with respect toy; andy,. In the sponse functiorZ; as
calculation we used 40 terms in each of the series on the
right-hand sides of the equations, which is significantly _ € ImZ,
greater than the number of terms that have a substantial in- *~ mw |Z,]%"

fluence on the solution. The rather rapid convergence of thﬁ was noted in Ref. 8 that other mechanisms of slowing the

series at parameter values corresponding to the experimental . . ; ) .
fcrystal besides capillary wave damping are possible, involv-

conditions makes it possible to greatly simplify the system o g collisions with pre-existing surface excitations or vapor

ions in th when the m rements ar n Pl . g .
equations in the case when the measurements are done at! oms. Taking those mechanisms into account leads to the

: ; a
resonance 'frequency. Equatio(® and' (3) were obtained addition of a termw/w on the right-hand side of the expres-
under conditions of circular symmetry in the system and take.

. . Sion for Z,;, where v is a certain characteristic frequency
only the resonance feature (9,into account. Itis seen from corresponding to this mechanism of dissipation, and the ex-
Eqg. (2) that the first term in the sumnE&1) is resonantly P 9 P '

large at pression for the den_sity.LO) remains the same in f_orm.
The calculated in Ref. 8 components functidp are
mwfgl—nsezw)(fO, (6) related to the experimgntally determingq real and imaginary
parts y; and y, of the inverse conductivity of the electron

which corresponds to excitation of th@,1) resonance. crystal by the relations
Therefore, in making measurements directly near the maxi- Mo Mo
mum of the amplitude of the output current one can drop all X1=—=ImZ;, x,=-— _eZRezl' (11
but the first term of the sum. The values ® andG, are ne n
determined in an experiment from the measured values of thehus the experimental results can be compared with the pre-
amplitude and phase of the output current with allowance fodictions of the theory without the use of adjustable param-
the characteristics of the measuring line. When only the firseters. The experiments were done under conditions such that
term of the sum is taken into account, it quickly follows from the resonances of the CEROs corresponding to coupling of
Eqg. (1) that x;=A;/G1, and x, is easily determined from the phonon modes of the crystal with the low-frequency cap-
condition (6). illary mode w, are observed.

The calculations were done both with the use of these
approximate formulas and with a rather large number of
terms (40 of them taken into account in Eqg2) and (3). RESULTS AND DISCUSSION

The values of the parts of the conductivity of the electron Figure 1 shows the smoothed frequency dependence of
crystal calculated in the two different ways run parallel onthe amplitude of the response to excitation in the existence
the graphs and, as we shall see below, are in good agreemegyjion of the coupled electron—ripplon resonarfgl) at
with each other. different temperatures; the curves are shifted with respect to
As was noted above, the conductivity of an electrongach other along the vertical by an amount 0.001, except for
CI’yStal over |IQUId helium was considered theoretica”y inthe |owest Curveqcorresponding to the |owest tempera_
Ref. 8 under the aSSUmption that the main mechanism of IOS{%Iresy the position of which was not Changed and corre-
is due to the damping of the capillary waves excited by thesponds to the scales along the vertical axes. Figure 1a per-
crystal during motion. The response functitpof the elec-  tains to the so-called saturated case, when the electron layer
tron crystal to an ac driving field with frequeneywas cal- s completely screened by the holding electric field, while
culated. The real and imaginary partsaf have the form  Fig. 1b corresponds to the case of incomplete screening. In
- AP — 0P+ 49?) both casezs the electron surfacg density was _6.4
Re21=2 C I2 , 2I Z’I 1, @ x 108 cm™2. The temperature of Wigner _crystalhzatlon of
=1 (w°—w)"+4oy, the electron layer at such a surface density is 0.58 K.

(10




380 Low Temp. Phys. 30 (5), May 2004 V. E. Syvokon

1.5 E, =580 V/em

-3

A
1
<
)
(]

-2
Vout/vin ;10
Ares/KampIif, 10
<
®

melt

)
T
O e

Z

0.5 )
P " 5 9

7

0 0.1 0.2 0.3 0.4 0.5 0.6
1 . 1 . 1 . T.K

£ MHz FIG. 2. Temperature dependence of the amplitude of@® resonance of

: the CEROs for a crystal withy=6.4x 10° cm 2 atE, =580 V/cm(®) and
b 1120 V/cm (¢) and crystals withng=5.8x10° cm 2 (A) and ng=5.7
x10° cm~2 (V) at E, =510 V/cm. The arrows indicate the melting tem-
perature of the crystals; the left one correspondst95.8x 10° cm 2, and
E, =1120 Vicm the right one tng=6.4x10° cm™ 2.

1.5

increasing temperature. The amplitudes of {Bgl) reso-
nances, which, as was shown above, directly reflect the en-
ergy losses from the electron crystal, decrease as the tem-
perature approaches the melting temperature of the crystal,
as is well seen in Fig. 2. Figure 2 reflects the results of
different experiments in which the measuring lines were
somewhat different, and so for comparison the measured am-
plitudes A,es have been divided by the gain of the corre-
sponding preamplifier& ymyiit. Figure 2 shows the data for
electron crystals whose surface densitigsare a little dif-
ferent, equal to 5.81C° and 6.4<10® cm 2. The arrows
indicate the melting temperaturés,; of these crystals; the
higher density corresponds to the higher melting tempera-
> 4 6 8 10 ture. As can be seen in the figure, as the temperature ap-
f, MHz proaches o the amplitude of th€0,1) modes tends toward

zero by an approximately linear law, and this characteristic

FIG. 1. Resonance spectra of the CEROs of a 2D electron crystal with gf the dependence begins to be manifested already at tem-
surface densityng=6.4x10° cm™2 at different values of the holding field

E, and temperaturd [mK]: 81 (1), 90 (2), 101(3), 131 (4), 163 (5), 194 peratures~0.2 K, i.e., considerably below the melting tem-
(6), 221(7), 254(8), 299(9), 356 (10), 400(11) (a); 82 (1), 92(2), 102(3), ~ Perature.
130(4), 163(5), 194(6), 256(7), 293(8), 359(9) (b). The curves except for The presence of a single dependence of the amplitude of

the lowest have been shifted relative to each other along the vertical byhe resonance over a wide range of temperatures and the fact
0.001. The dotted lines are the result of a calculation of the frequencies

the resonance modé8,1), (0,2, and (0,3 in the theory of Ref. 6. Yhat the temperature_obtameq b_y extrapolation of_ that depen-
dence to zero amplitude coincides with,.; may indicate

that the mechanisms responsible for the energy loss from the
The resonance features are clearly visible in both seriesrystal and for its melting have a common nature. Since, as

of curves in Fig. 1. On all of the curves the resonance peak&as shown in Ref. 1, the melting of an electron crystal oc-
are most clearly pronounced at relatively low frequenciescurs by the Kosterlitz—Thouless mechaniShi.e., is of a
These peaks can be interpreted as resulting from the excitalislocation nature, it is natural to expect that dislocations in
tion of the (0,1) mode of coupled electron—ripplon oscilla- the Wigner crystal can play an important role in its energy
tions. It is well seen that as the temperature increases, tHesses as well.

frequencies of these resonances increases and their relative The resonance curves of the amplitu&ég. 1) with the
amplitudes decrease. Other resonance features be8ides corresponding curves of the phase shift of the measuring
are also observed, and their frequencies also increase witlignal have been used to determine the real and imaginary

-2
Vout/vin 10

0 i 1
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12 adjustable parameters were used in the calculation. The rea-
son for the small differences between theory and experiment
may be due to both experimental errors and the approxima-
tions of the theory.

At temperature§ <0.2 K the difference between theory
and experiment increases because of the influence of the
natural®He impurity, which at sufficiently low temperatures
leads to a noticeable decrease in the surface tension of the
liquid. The solid curves in Fig. 3 are the result of theoretical
estimates in which the surface of surface tension correspond-
ing to a solution®He—*He with an atomic concentration of
®He equal to 5.%10 7 was used. In a certain sense the
concentration 5.5 10/ can be considered to be an adjust-
able parameter, since the concentratiofHg in the*He was
not independently measured. It should be noted, however,
that such a concentration éHe in natural*He lies in the
range of typical abundances. When fike impurity is taken
into account, the discrepancy between theory and experiment
L . L L : at low temperatures~0.1 K), where the influence of the
impurity is substantial, becomes the same a3 =at0.2 K,
where the presence dHe has practically no effect on the
FIG. 3. Temperature dependence of the imaginary part of the inverse corf€sults of the measurements.
ductivity of an electron crystal withy=6.4x 10 cm™2 at holding fields of The good agreement of the experimental and theoretical
E, =1120 V/em(1) andE, =580 V/cm(2). (®)—The result of a solution  yajyes of y,/w attest to the fact that the self-consistent

of the system of equation®), (3); (A)—the result of a simplified calcula- . .
tion. The solid curves show estimates in the framework of the theory of Ref.theorf) IS eXtremely successful for CaICUIatmg the electron—

8 with the 3He impurity taken into account at a concentration of 5.5 pplon coupling coefficient, at least in the region of param-
%107, and the dashed line shows the calculation for ftte. eters corresponding to the present experiment. Using the re-

sults of Ref. 6, one can determine the frequency of the
) o coupled electron—ripplon resonances. When only the cou-
parts y, and y, of the inverse conductivity of the electron pling with the lowest-lying capillary mode, is taken into

layer. The processing of the experimental data was done byccount, the frequencies of the coupled oscillations have the
two methods: from the amplitude and shift of the phase at theg

point of the (0,1) resonance, and from the amplitude
~1/y, in a simplified calculation. The values obtained far ) wiwi(k)
and y, at different temperatures generalize pertain to differ- wresp:m'
ent frequencies, and, if the absence of frequency dependence P
of the conductivity is not assumed, then the construction ofvherew, (k) is the vibrational spectrum of the Wigner crys-
the temperature dependencesyefand x, is not completely tal above an ideally flat surface. Calculation of the resonance
correct, since the different experimental conditions correfrequencies that follow from the theory allows one to under-
spond to different temperatures. However, an analysis of thetand which modes correspond to the features in Fig. 1. The
response functioiz, in the theory of Ref. 8 shows that at results of the calculation are shown by the dotted lines in that
low frequenciesw<w, (this condition holds in the present figure. In the calculations we used correlation factors for
experiment the approximationy,/w~ReZ;~C; and x; taking into account the existing discrepancy between theory
~vy+v is rather good, i.e., the frequency dependencgqof and experiment. These factors equal 1.09 for the data in Fig.
and y,/w can be neglected, then the procedure used to prata and 1.05 for the data in Fig. 1b. It is well seen that the
cess the data is completely applicable. resonance features in Fig. 1a can be interpreted a®tte

In Fig. 3 the experimentally obtained temperature depen(0,2), and (0,3 modes, while those in Fig. 1b can be inter-
dence of y,/w for an electron crystal with a density;  preted ag0,1) and(0,2). The(0,3) mode is practically unno-
=6.4x10° cm™? at values of the holding fieldE, ticeable in Fig. 1b. In addition, the amplitude of tk@1)
=1120 V/cm andE, =580 V/cm (this latter field is com- mode in Fig. 1b is considerably larger than the amplitude of
pletely screened by the electron layer compared with the the (0,2) mode in the entire temperature interval, whereas in
results of a calculation in the framework of the theory of Ref.Fig. 1a the amplitudes of thé,2) mode and even of the
8. The experimental data are pairs of points denoted by dift0,3) mode, which is not seen at all in Fig. 1b, are compa-
ferent symbols, corresponding to different ways of processrable to the amplitude of the fundamental mo@l) and
ing (complete and simplifiedthe same data, and the solid even exceed it. Such behavior can be a consequence of non-
curves are the theoretical estimates. The dashed curve sholigear effects, which are more easily manifested the closer
a calculation under the condition that the coefficient of surthe temperature of the electron crystal is to its melting point.
face tension of the liquid corresponds to that of pfire. The real party, of the inverse conductivity, which con-
The theoretical values of,/w at T>0.2 K are approxi- tains the energy loss of the crystal, is shown in Fig. 4 for the
mately 10% lower than the experimental values. This is vernysame (Fig. 1) experimental conditions. The value gf is
good agreement, especially if it is taken into account that ndnigher for the larger value d;, and grows with increasing

T,K

(12)
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FIG. 4. Temperature dependence of the real part of the inverse conductivity
of an electron crystal witm,=6.4x10° cm™? at holding fields of 1120
V/ecm (1) and 580 V/cm(2). The curve(3) shows the result of a rescaling of
the experimental dath for a crystal with ng=5.5x1% cm 2 at E,

=540 Vicm.

temperature. Ling in Fig. 4 shows the dependengg(T)
rescaled according to the formujg =(neuw) ! from the
experimental data of Ref. 14 for a crystal with nearly the
same parametersi{=5.5x 10° cm™ 2, E, =540 V/cm). Itis
seen that the values gf; obtained from the data of Ref. 14 . . .
turn out to be smaller by approximately a factor of two than 2 4 6 8 10
the values measured in the present study. Apparently this is f, MHz
partially due to the noncoincidence of the experimental con- _
ditions, but there is a notable qualitative difference as weII.';'i')B i'rnse(;ogigi:??;g%ﬁc::fmtfhze(bfaEﬁO:Sséo:nIgrffrtzli?fe\rﬁ;f:3;1-
While at temperature$ <0.2 the x,(T) curves in the WO eq of the holding fieldE, [Vicm]: 1000(1), 850(2), 705(3), 590 (4) (a;
studies are similar, ai>0.2 K the value ofy, obtained by  1150(1), 570(2), 300(3) (b).
us increases with increasing temperature, in contrast to the
results of Ref. 14, where no dependenceygfon tempera-
ture was observed. This difference is apparently due to theity of 6.4< 10° cm 2, determined at a temperature 83 mK
influence of the measuring signal. In Ref. 14 the measureat different values of the holding fields. Plotted along the
ments were made at frequencies of 0.75 and 1 MHz at amertical axis is the amplitude of the voltage created by the
amplitude of the measuring signal of 1.25 mV, while in the currentJ across the input resistance of the preamplifier of the
present study the analogous measurements were made at freeasuring line. The value of the measuring signal was 1 mV
guencies of 3—4 MHz at a signal amplitude of 1 mV. Aroughand, as was noted above, was a compromise devised to en-
estimate shows that the driving field in the measurements cfure an acceptable signal-to-nose ratio at the lowest possible
Ref. 14 was lower by a factor of 2.5—-4 than that in theinfluence on the results of the measurements.
present study, and the observed growthygfat T>>0.2 may In Fig. 5a the resonance features are pronounced
be due to nonlinear effects. maxima of the amplitude at low frequencies and less pro-
The curves presented above reflect not only the temperarounced maxima at higher frequencies. The most pro-
ture dependence of the conductivity but also its dependenasounced maxima of the amplitude in the low-frequency re-
on the holding field. The holding field has a substantial in-gion correspond to the resonance médg). Their position
fluence on the electron—ripplon couplindC{~E?) and is in good agreement with the theoretical estimates (Ex.
thereby on all the properties of the crystal. The other features can be interpreted as the excitation of the
Figure 5a shows the resonance spectra of the electron(®,2) and (0,3) modes. They are less pronounced the higher
ripplon vibrations of a 2D Wigner crystal with a surface den-the holding field(on curvel, corresponding to the highest
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holding field, the(0,3) mode is not seen at allWith decreas- 4
ing holding field the resonancég,2) and(0,3) are shifted to
the region of lower frequencies in comparison with the the-
oretical estimates, and their amplitudes increase. The ob-
served qualitative changes of the CERO spectrum with
changes in the holding field are similar to those observed 3
upon changes in temperatuf€ig. 18. The changes of the
spectrum are less noticeable the lower the holding field.
This is seen particularly clearly in Fig. 5b, which shows
the resonance spectra of coupled electron—ripplon oscilla-
tions for the crystal witms=3.2x10® cm™2. At a low hold-
ing field E, =300 V/cm (curve 3), when there is complete
screening of the holding field, the resonance features are in-
distinct, and it is practically impossible to make out the in-
dividual resonances. However, even in the case of a holding 1+
field E;, =570 V/cm (curve 2 the frequencies of the ob-
tained resonancd$®,1) and(0,2) are in good agreement with
the theoretical estimates, and the same is observegl at
=1150 V/cm(curve 1), and in the latter case the amplitude
of the (0,2) mode is substantially lower than the that of the OF
(0,2) mode. It is quite likely that such an indistinct resonance
picture for E, =300 V/cm may be due to the nonlinear in-
fluence of the measuring signal, which leads to disruptions of L
the structure of the electron crystal; owing to the capacitive ,
coupling of the electron layer with the measuring electrodes, A ':
the electric field excited by the measuring signal in the plane ! i
II
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of the electron layer is proportional to the frequency, so that 5t
the probability of nonlinear effects increases with increasing b
frequency. However, it cannot be ruled out that the cause of / ]
the observed features of the spectrum may be due to features 1/ ,'
of the frequency dependence of the conductivity. 4+ ’ /
The real and imaginary parfg, and y, of the conduc- vc ’ /
tivity of the 2D crystal, calculated from measurements of the =4 [ ’ /
amplitude and phase at the resonance resistivity, are pre-
sented in Fig. 6.
In Fig. 6a the experimentally determined valueyef
for 2D electron crystals withns=6.4x10° and 3.2 -7
x 10 cm™2 (pointg are compared with the values calculated ol )
in the framework of Ref. &solid curves. The agreement of ’?
the theory and experiment is seen to be good. It should be I 22— ﬂ{ﬁ’
mentioned once again that helium of technical purity was
used in the experiment, and in the calculation the coefficient 1
of surface tension was assumed to to be that corresponding
to a solution®He—*He with an atomic concentration 8He
equal to 5.X%10 ,7' As Is seen in F'Q- 3, the dlﬁere.nce be- FIG. 6. Dependence of the imagina@ and real(b) parts of the inverse
tween the experimental and theoretical datayefw in the  conductivity of electron crystals with,=3.2x10° cm2 (1) and n,=6.4
temperature regiod >0.2 K, where the coefficient of sur- x10® cm2 (2) on the holding field aff =83 mK. The filled and unfilled
face tension ofHe of natural purity is practically no differ- symbols correspo_nd to d_ifferent _series of measurements. The solid curves
ent from the coefficient of surface tension of isotropicallys,how the theoretlcal_ estimates in the framework of Ref. 8. The dashed
4 . curves are of an auxiliary character.
pure “He, is around 10%. Therefore, one can say that the
agreement between theory and experiment for the data in
Fig. 6a is good to approximately that accuracy. tained turned out to be markedly higher than those calculated
In the region of rather low frequencies the values ofin the self-consistent theofywhich, as we have said, gives
X2/ turn out to be proportional to the electron—ripplon good quantitative agreement with the experimental data of
coupling coefficienC,, and at low frequencies the effective the present study.
mass of the electrons in the crystal,, is also proportional Figure 6b shows the real payt of the inverse conduc-
to this coefficient, i.e.mgs in this case characterizes the tivity as a function of the holding field for crystals with a
imaginary part of the conductivity of the crystal. The effec- surface density of 3:210° and 6.4<10° cm 2. The dashed
tive mass of the electron crystal with a surface density ofturves are of a provisional nature and have been drawn for
6.3x10° cm™ 2 was measured in Ref. 15, but the values ob-convenience. The figure illustrates the increase of the real

500 1000 1500
Er Vicm
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FIG. 8. Resonance spectra of the CEROs for crystals with diffemgnt
500 1000 1500 [10° cm™2]: 3.2(1), 5.2(2), 7.6 (3), 9.2 (4), 10.8(5) at T=83 mK with a
E,, Vicm holding fieldE, =1150 V/cm.

FIG. 7. Comparison of the mobility of electrons in a crystal witf+ 6.4 )
x 10° cm~2 at T=0.36(*) with the results of Ref. 15 obtained under nearly The dependence of the real part of the inverse conduc-

srmilar conditionsng=6.3x 10° cm 2 andT=0.42 K, for various frequen- tivity on Ng is given in Fig. 9b. With increasings at fixed T

cles. andE, the value ofy, decreases sharply. Thus the energy
loss in the Wigner crystal, which is determined by the quan-
tity x,, depends in a marked way on the holding field, the

part of the inverse conductivity of an electron crystal with temperature, and the electron surface density. The absolute

increasing holding field, and the dependence is different foralues of the losses can be compared with the values that

crystals with different surface densities. follow from the assumption that the main loss mechanism is

The values obtained in this study for the energy lossdamping of capillary waves. Experimentally the damping of
from the electron crystal are in good agreement with thecapillary waves with wavelengths~3.3—20um was stud-
results of Ref. 15, as is illustrated in Fig. 7, where the dedied in Ref. 16. The results were presented in the form of the
pendence of. ~2is plotted as a function of the holding field temperature dependence of the damping fakték’, which
(w is the mobility, w=(ney,) ~1). Despite some difference can be linked with the coefficieny by the relationk”/k’
in the temperatures at which the measurements were made,t(2/3)y/w. The value of the damping factor decreases with
is seen that rather good quantitative agreement is observé@creasing frequency, and for the highest frequencyT at
between the experimental data obtained in the present study0-2 K it is approximately 10°. Since in the present study
(asterisky and the data of Ref. 15. the electron crystal is investigated at frequenaies 10/,

Yet another important parameter that affects the properapproximately an order of magnitude higher than those at
ties of a 2D Wigner crystal is the surface density of electronswhich the damping of capillary waves was investigated, the
Figure 8 shows the spectrum of coupled electron—ripplorvalue of the damping factor-10"° can be regarded as an
oscillations, measured at a low fixed temperatufe €stimated upper bound. This implies an estimated upper
=83 mK and a fixed holding fiel@, =1150 V/cm for 2D  bound for the quantityy~10~°x 10’=10°. Analysis of the
electron crystals with various surface densities 3.2experimental values of; with the use of relationg11)

X 10°-10.8<10° cm~2. In the spectra th€0,1) mode is shows that if it is assumed that the main mechanism of en-
pronounced and thé,2) mode is clearly visible, its ampli- €rgy loss in the crystal is the damping of capillary wa¥es,
tude being much smaller than that(@f1) on all the curves. then the value ofy should be of the order of 20 Thus the
The (0,3 mode, unlike the case in Fig. 1a, is not seen at allexperimental values of the loss are at least three orders of
The Spectra Corresponding to the Crysta|s with d|fferre{|t magnitude greater than the estimates that follow from con-
are qualitatively similar, but the shift of the position of the sidering the damping of capillary waves to be the main loss
(0,1) amplitude maximum with changinu is described well mechanism.

in the framework of the self-consistent the6ry. In an analysis of thex;(T,E, ,ns) dependences ob-

Good agreement with the theory of Ref. 8 is demon-tained, interesting results were obtained if the energy loss
strated in Fig. 9a, which shows the dependencgdiw on  data are presented in the for@, =(nse?/2m)(x./Cy),
ns, where the points are experimental data calculated fromvhere the functional dependence oy E, , andT is taken
measurements at frequencies corresponding to the maxima ioto account in the forms which are characteristic for
the amplitude, and the curve is the result of a theoreticaklectron—ripplon couplingthe coefficientC, and the depen-
estimation. dence omy). The relation betvvee@xl andy is analogous
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\ b FIG. 10. Temperature dependence of the quar@i;yf:(eZ/Zm)(nsxlcl)
I for a crystal with ng=6.4x10° cm 2 at E, =580 V/cm (A) and E,
=1120 V/cm (®) and for crystals withns=9.1x10f cm 2 at E,
! =830 V/cm (M) andn,=12x 108 cm 2 atE, =1120 V/cm(4). The solid
4 \ line shows a calculation according to the experimental data of Ref. 14 for a

Y crystal withng=5.5x 10° cm™2 at E, =540 V/cm; the dotted curvegrom

\ top to bottom are calculations according to the experimental data of Ref. 15
for a crystal withng=6.3x10° cm 2 for E, =570, 845, 1121, and 1672
‘ V/cm. The vertical dashed line corresponds to the melting temperature of the
\ crystal withng=6.4x 10 cm™2.

X110 Q

AN lation according to the data of Ref. 14 for a crystal with
AN =5.5x10° cm 2 at E, =540 V/cm. One notices that this
Té. dependence agrees with the data obtained in the present
Ry B ~$-- study at high holding fields but differs markedly fro@'u)(1

for close value of the holding field, =580 V/cm. The dot-
oL Loy ted curves in Fig. 10 show the result of a calculation of

4 6 8 10 12 le(T) from the experimental data of Ref. 15, obtained in a
2 study of an electron crystal with a densitgs=6.3

x 10 cm™2 for different holding fields. The upper curve

FIG. 9. Density dependence of the imagin&ay and real(b) parts of the corresponds to the lowest value of the holding fi€d
inverse - conductivity of electron crystals aT=83mK and E,  _ 580 \//cm, and the third curve from the top of these curves
=1150 V/cm. The solid curve is a theoretical estimate in the framework of. . . .
is for the fieldE, =1120 V/cm, i.e., the experimental con-
ditions in Ref. 15 are almost the same as those for the data of
the present study, which are shown in Fig. 10. It is seen that
to the relation betweery and y; in (11), but the definite le decreases with increasing value of the holding field, and
physical meaning in G is not made explicit, unlike the case the data of Ref. 15 show that this decrease has a tendency
of y; this is simply a useful way of representing the experi-toward saturation at high holding fields. The valuesGof
mental data on the energy loss of the crystal. Figure 1Qalculated according to the data of Ref. 15 correlate well
shows the temperature dependence of f8r a crystal with  with the results of the present study, which were obtained at
ns=6.4x10% cm 2 atE, =580(A) and 1120 V/cm(®) and  higher holding fields but are noticeably smaller than the val-
for crystals withng=9.1x10° cm 2 at E; =830 V/cm (H) ues ofGXl corresponding to the lowest field.
andng=12x10° cm 2 at E, =1120 V/cm(#). It is seen Such a pattern is evidence ti@{, is influenced by fac-

that a unified dependence @f, is observed at large holding s that are manifested differently in different experiments;

fields (E.>830 V/cm) and for crystals with different sur- its influence is suppressed as the holding field is increased.
face densities, while foE, =580 V/cm the values o5,  One such factor can be nonlinearity of the measurements,
turn out to be higher. The solid line is the result of a calcu-i.e., dependence of the results of measurements on the value

8 -
ns,10 cm

Ref. 8. The dashed curve is of an auxiliary character.
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form to a single curve. An appreciable dependencé pfon
A E, is observed at low fields, and fd, >1000 V/cm the
li N dependence goes out to a plateau. Roughly the same behav-
\ < ior is also observed at higher temperatures, as is illustrated
i by curve?2, calculated according to the data of Ref. 15.
i Thus atE, >1000 V/cm the value o‘tBX1 is independent
'_ of the holding field and the electron surface density. At lower
\ holding fields €, <1000 V/cm) a sharp growth dBXl is
- 4r ! observed with decreasing field. The reason for this may be
o 1 nonlinear effects due to the influence of the driving electric
© v field on the conductivity of the crystal, this influence being
- I \ suppressed as the holding electric field is increased. The non-
o3 . linearity can culminate in destruction of the 2D crystal struc-
© '\_ ture, as is indirectly confirmed by the qualitative changes in
\ the spectrum of the coupled electron—ripplon oscillations in
Fig. 1. At largeE, the stability of the crystal against the
measuring signal increases, the measurement regime at that
v same signal level becomes closer to linear, and the parameter
" G,, ceases to depend on the field, its value in this case being
determined by mechanisms that are not related to the struc-
oy tural changes in the crystal.
0 500 1000 1500 2000 TheG Xl(E ) curves for crystals witms=3.2x10° and
E,, Vlem 6.4x10° cm~? coincide(Fig. 11, indicating thatG, is in-
FIG. 11. Dependence of the quantiy, = (e?/2m)(nsx/C,) on the holding depend?n.t ofs. This is also Conflrmed. by the reS.U|tS of the
field for T=83 mK for crystals withr115: 6.4x10° cm 2 (A, V) andng conductivity measurem.ems made at dlﬁem.g]bm fixedE,
—32x10Fcm 2 (@) (1) and atT=042 K for a crystal withn,=6.3  and T. At the same time as an appreciable dependence
X108 cm 2 (#), calculated according to the experimental data of Ref. 15 x1(Ns) iS observed in these experimer{fsg. 9b), there is
(2). The curves are of an auxiliary character. practically noG Xl(ns) dependence. Under certain conditions
(E,>1000 V/cm, w<w,) the real part of the inverse con-
ductivity of the electron crystal can be written in the form
1~(C41/ngdx1(T), where the functioriy,(T) depends on

*
¢!

of the driving field. As was noted above, the effective driving
gﬁlttljs;21;“2rTheaiS?rﬁrTeeniscgn?sSd 1Ai' :n?hismvézrsirz%):f mperature but remains the same for crystals with different
Y € p Y, 1-€., . . andng. This curious circumstance can prove useful in
regime was closer to linear on accgunt_of the comparauvel){he theory analysis of the possible damping mechanisms in
weak dependence @,, on th? holding field. In the pre;ent an electron crystal. From an experimental standpoint it is
study the measurement regime becomes close to linear ghcessary to measure the conductivity of the electron crystal

higher values of the holding fields than in Refs. 14 and 15.j, gifferent driving fields for investigation of the influence of
Above, in an analysis of the resonance spe@ig. 1), it onlinear effects.

was assumed that the behavior of {0e2) and(0,3) modes

at _smaII holding fields is a consequence qf r_10nl|near eﬁect%ONCLUSION

which are suppressed as the holding field is increased. If that

is the case, and the holding field indeed stabilizes the elec- Thus in the present study we have investigated experi-
tron crystal, then it is clear that the value @1;1 is due to mentally the conductivity of a 2D electron crystal over a
nonlinear processes. The higher the degree of nonlinearitauid helium surface as a function of the main parameters
the more pronounced the dependencé&gf onE, . that govern the electron—ripplon coupling and the properties

The value Ofol increases with increasing temperatureOf the crystal: the electron surface density, the holding elec-

. ) ic fiel h . Diff i f -
(see Fig. 1D and has a tendency to increase sharply as thttanc leld, and the temperature. Different series of measure

. : A ments were made in which only one of these parameters was
temperature approaches the melting point of the Wigner crys-_". . : .

) : . : varied while the other two were held fixed. The studies cov-
tal, denoted in the figure by the vertical dashed line.

. . ered the range of frequencies at which resonances of the
The dependence @Xl onE, is seen more clearly in an g 9

_ _ ) coupled electron—ripplon oscillations were excited in the ex-
?nacliyils 0:; the data obtained in measurementg0E,) al  perimental cell. The conductivity of the crystal was deter-
ixed T andng.

. ) mined from measurements of the amplitude and phase shift
Figure 11 shows the dependence®f, on the holding o the measuring signal at the frequency of 9el) reso-
electric fieldE, for crystals with a surface density of 6.4 nance mode in its passage through the experimental cell. It
X 10° and 3.2<10° cm™?, determined at a temperature of 83 was found that the behavior of the imaginary part of the
mK, and also the dependen@g (E,) at a temperature of inverse conductivity, which reflects the inertial properties of
0.42 K, rescaled according to the data of Ref. 15 for arthe crystal, is in good quantitative agreement with the exist-
electron crystal witm,=6.3x10° cm™2. It is seen that the ing theoretical ideas. At the same time, the mechanisms gov-
points corresponding to different crystalsTat 83 mK con-  erning the energy loss from the crystal, i.e., the real part of
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Electronic topological transition in Re  ;_,Mo, alloys and its influence on the temperature
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The features of the variation in the superconducting transition temperg{uweRe, _,Mo,

alloys in the interval of Mo concentratiorts up to 5 at. %(within the solid solution regionare
investigated at pressur@&sof up to 10 kbar. A nonlinear increase ©f to =5 K is

observed when an impurity €~4.7 at. % Mo is added, and an inflection point is observed at
C~2.35 at. % Mo. The dependencéT(/JP)(C) has a minimum at the same Mo
concentration. This attests to the presence of a critical erlEggyEE in the electron spectrum of
Re. An Mo impurity, which is electronegative relative to Re, lowers the Fermi erh'e&gp]f

Re, and when it crosses the le\&e] of the top of the filledd band, which lies below the Fermi
energy, an electronic topological transitid&TT) occurs under the influence of the Mo

impurity at a concentratio@~2.35 at. %. The minimum and asymmetry of TQ)(dT./JP)(C)
correspond to the appearance of a new hole pocket of the Fermi surfacd. élbetrons,

with a high electronic density of states, emerge on the Fermi level; this gives a substantial
contribution to the increase df,. In a quantitative comparison of the theory with

experiment the differenC(EE—Ec~0.017 eV and other parameters of the ETT are
determined. ©2004 American Institute of Physic§DOI: 10.1063/1.1739133

1. INTRODUCTION critical energyE. close to the Fermi level. Such features

The interest of researchers in studying the features of th@Ppear under the_ cond|t|dE_F~Ec as one of fogr possible
types of electronic topological transitions, which alter the

electron spectrum of Re is not accidental. Rhenium is a trant- | t the Fermi surf 9 34 Thi diti b
sition metal having a complex electronic structutieat in- op? Ogdyt? © _errg) sur;céFh). il 'S con ]L'On can be
fluences its physical properties. The increase in the supercoﬁQalze y varyingeg under the influence of pressure in

ducting transition temperatur@, of rhenium under the pure meta_l% or, as follows from_Refs. 4-6, pressure plus
influence of impurities of negative valené®lo, W) in the impurities in alloys. ETTs were first observed from the fea-

region of the solid solution was treated in Ref. 2 as being thdures of the superconducting characteristics in Tl and its solid
result of the possible existence of a critical enefgy(Refs. ~ Selutions containing small admixtures of impurifieand
3 and 4 in the electron spectrum of Re below the FermiWere given a theoretlcal ground(l)ng in 52ef. 4. Those papers
level E. There was no experimental proof. This brings us to®Stablished a link betweesw~(Eg—E.)** and the nonlin-
the problem addressed in the present study: to investigate tf&1ty of T¢(P,C) and d6v/JE with the extremum of the
features of the electron spectrum of rhenium in an energglerivative @T./dP)(P,C) at ETTs. In Ref. 4 the types of
interval belowE? , to determine the existence Bf from the ~ ETTS were defined in accordance with the asymmetry of the
presence of an electronic topological transiti&TT), to find ~ dependencedT:/dP)(P,C) and the signs of the parameters
the critical values of the ETT parameters, including the disOf the ETT. In Refs. 7-9 and 12 it was shown that by simul-
tance Eg_Em from a quantitative comparison of the taneous variation of the two parameters aﬁectE&, one
theory® with experiment, and to correlated the ETT in Re ¢an bringE? maximally close to the singularity of the elec-
under the influence of impurities of different valences withtron spectrum by the admixture of an impurity, which acts
the changes if. comparatively sharply, and then, using pressure to &gy
The alloy Rg_,Mo, in the solid solution region was smoothly, pass through the singulariy in a narrow energy
chosen as the object of study, and the method chosen fdnterval or determine the derivative of the measured charac-
determining the critical energy in the electron spectrum ateristic with respect to pressure for the given impurity con-
the ETT was that of investigating the extremum of the de-centration. The energy region studidsl;> Eg or E<E?, is
rivative (0T./dP)(P,C) (see Refs. 4 and)pwhereP is the  determined by the the valence of the impurity used.
pressure an€ is the impurity concentration. This method is The results obtained by studying the ETTs from the su-
based on studying the singularitie&w(EE—Ec)l’2 pre-  perconducting characteristics for Tl, In, Mo, RelJ, Cd and
dicted by Lifshits in the electronic density of states, which their alloys have been compared quantitatively with the
arise in the electron spectrum of a metal in the presence of theory of Makarov and Bar'yakhthr in Refs. 7—10 and 12.

1063-777X/2004/30(5)/10/$26.00 388 © 2004 American Institute of Physics
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For those metals the values of the ETT paramete¢t€2  sible changes in the topology of the FS of rhenium upon
—E,.), the critical values of the impurity concentration or small changes in the Fermi energy in pure rhenium under
pressure at which the ETT occurs, and other parametersxternal influences. In Refs. 2 and 15, where the depen-
Later it was show theoreticalt{'® and experimentalf$'®  dencesT((P,C) and (¢T./dP)(P,C) for Re and its alloys in
that for normal metals the extremum corresponding tathe energy region above?, a nonlinear dependence of
d8vldE at the ETT is manifested in the thermopower T(P) for Re and a high sensitivity of this derivative to small
(a/T)(P,C). Alloys of thallium, indium/®° Mo—Re, and admixtures of impurities were observed, and an extremum of
Mo—Re—NB?*3have been studied both in the superconductthe dependence 4T./dP)(P,C) was also observed in
ing and normal states, and a relation between the extrema &€—0s alloys. These results were explained as being a mani-
(1T (dT.10P)(P,C) and («/T)(P,C) at the ETT in the festation of an ETT in Re eE2~E01. In Ref. 9, as a result
two cases was established. The results of those studi@f a comparison of the experimental datwith the theory,
showed that investigation of the character of the behavior ofhe values of the ETT parameters in Re, including the dis-
(1/T)(dT./oP)(P,C) and of the thermopower ofT) tance fromE(F’ to the new pockefE.;) of the FS, which
X(P,C) can be an efficient method for finding the critical €qualed~0.001 eV, were determined.

points of the electron spectrum near the Fermi energy and In the energy intervaE<E the T,(P) dependence was
can provide an unambiguous criterion of ETT. The extremzpbtained only for several concentrations of rhenium alloys
of (UT.)(JT./dP)(P,C) and of the thermopowera{T) containing small admixtures of the impurities Mo and*¥¥,
X(P,C) are always determined against a background ofndicating nontrivial behavior off . under the influence of
smooth variations of the quantities themselves and do in fadfnpurities of lower valence, but giving no information about
coincide with E, or with a critical value of the parameter the ETTSs in that energy region.

under whose influence the ETT occurs. As to the singularity ~ 1HiS €nergy region was investigated in the presence
6v%(E2—E )¥2 which is manifested as nonlinearity in study. The features of the superconducting characteristics
C 1

T.(C), the heat capacity, etc., it is difficult to identify against Tc(c) and (aTC/a_P)(_P'C) of Rel—XMOOX alloys was stud_ied
the background of the smooth variation of the quantity itself.n the concentration interval 05 at. % Mihe solid-solution

At the same time, in combination with (04)(dT./dP) region and pressures of 0—10 kbar. The vaIues_ of the thgr_-
X(P,C) these data help determine the type of transition, andnopow;er were measured for several conﬁgrk]‘tr.anons. 'IA mini-
in a quantitative comparison with theory they increase thd"um O (@T./9P)(P,C) was observed which is correlated

number of experimental points processed, which raises th ith the nonlmea'r increase di(C) and 'the results on the
confidence level for the parameter values obtained. One ermopower. Using the concepts previously developed for

the important parameters determined from the results OE'IT"TI'S" orrl]e can regard.thebrels%tos t(')l'r? €a coqseguenﬁe of an
studies of the ETT in a comparison of theory with ¢ !nt_t N ?”Eeﬁy reglc()jn ¢ €lo Fd b € quant|_tat|ve fC thar-
experiment 1212135 the distance from the Fermi energy to 2C'€M!SHCS O S are determined by comparison of the ex-

the critical pointi(Eg— E.). The value of this quantity for perimental .da.ta with th? the(frg"nghe influence .Of the ETTs
different metals is 102—10-3 eV and lies within the error ©" the variation ofT; in rhenium under the influence of

limits of the theoretical calculations of the band structure of "PUMHeES 1S examined.
the electron spectrum. Therefore a comparison of these re-
sults with theoretical calculations of the band structure car?- SAMPLE PREPARATION AND MEASUREMENT
only be qualitative. In addition, it is necessary to be mindful TECHNIQUES
of the fact that the thel‘modynamic and kinetic characteristics Rel*XMOX a”oys were prepared by electron_beam me|t_
contain the integrated electronic density of states, and it i$ng in a vacuum of 10° torr. The initial preforms, 6
impOSSible to |dent|fy the direction in which the Change in X 8 mm in cross section and 60 mm |0ng, were formed by
the FS occurs in studies of the ETTs in accordance with th@ressing a mixture of high-purity Re and Mo powders in a
singularity of 6v(Eg). Therefore a comparison of the results certain weight relation and then melting. The number of
of this study with the calculations of Ref. 1 can be regardechasses through the melting zof@-8 in two opposite di-
as qualitative, and the numerical valuesofEY —E.) ob-  rections was sufficient to give good uniformity of the impu-
tained from the ETT data should be thought of as supplemerrity distribution in the sample. Stresses were eliminated by
tary information. annealing the preforms at a temperature~a800 °C. The

Let us return to the discussion of the electronic structurgsamples for the measurements were cut out along the direc-
of rhenium. Theoretical calculations of the electron spectrumion of motion of the melting zone, with dimensions of 1
of Re and comparison of these with the results of experimenx 0.5x 7 mm. The uniformity of the impurity distribution
tal studies of the Fermi surface are carried out in detail irover the volume was monitored by the width of the super-
Ref. 1. The topology of large parts of the Fermi surface of Reconducting transition, which was equal to 0.05-0.1 K. The
has been studied rather well, and the calculation of Ref. Impurity concentration was determined from the spectrum of
agree with experiment, the topology of small parts of the FShe characteristic radiation to an accuracy as good as 3%.
along the AL and™M line, in accordance with calculatioh's, Measurements of the superconducting characteristics were
is very sensitive to the value &2 and has not been deter- carried out by the usual potentiometric method in an
mined to sufficient accuracy. These calculations showed thahtermediate-temperature cryostat. The pressure was created
a slight increase oE? by approximately 0.05 eV leads to a in a high-pressure multipliét and was determined from a
substantial change in the FS of rhenium in the 8th or 9ttmanganin pressure gauge using the values of the coefficients
(10th) Brillouin zone. These theoretical findings point to pos- known from the literatures In RIgP=2.48<10 6 bar ! at a
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Re&) 95qV0g 947 With an inflection point of theT.(C) and
p(C) curves at=2.3 at. % Mo. Figure 1b shows tReT .(P)
dependence for Re,Mo, alloys of various composition in
the pressure interval 0—10 kbar; they are linear, and the de-
rivative with respect to pressure is negative for all impurity
concentrations. Thed{T./dP)(C) dependence is constructed
. . . . ' from the data onT(P)p_,o for the alloys studied and is
0 1 2 38 4 5 plotted on the scale of electron concentrathrin Fig. 1c.
C,at% Here a minimum is observed &t~6.977 electrons/atom,
which corresponds to 2.3 at. % Mo. Figure 1d shows the
values of the thermopower at 6.2 K for Re—Mo samples of
three Mo concentration®.5, 2.3, and 4.7 at. Yomeasured
simultaneously. The given values are negative, with the mini-
mum corresponding t€~2.3 at. % Mo. The value of the
thermopower for pure rhenium, according to published data,
fluctuates strongly, and the value shown in the graph was
taken from the table in Ref. 22. The nonlinear growthrgf
with an inflection point atC~2.3 at. % Mo on thel,(C)

1
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-0.2 P, kbar > | curves, and of the residual resistivity=R,, «/(R300 k
§-03f _:_[qrglsem St”dyg/O —Ry, ) as a function of the impurity concentration, corre-
S ‘0-4: lates with the fact that the minimum o#T./dP)(C) and
a :82 . @ the lowest value of &/ T)(C) are found at this same concen-
!;_0'.7 | / tration; this attests to the commonality of their nature. Ac-
5 -0.8} S cording to notions about the connection between features of

N —(1).9-0/ \@ the superconducting and normal characteristics with ETTs

under the influence of an impurity and presstitéthey can
be attributed to changes in the topology of the Fermi surface
under the influence of the impurity. The minimum and asym-

0 N ) . :
6.95 6.96 6.97 6.98 6.99 7.00
N, electrons/atom

110 metry in the ¢T./9JP)(C) dependence, according to the
15 < theory? corresponds to the formation of a hole pocket of the
d > " 0 :
20 3 Fermi surface a¥; decreases under the influence of the
% -5 impurity. The sign and the minimum value of the ther-
\ 0™ mopower for the alloys with 2.3 at. % Mo relative to the
l-15 other two alloys(Fig. 1d correlates with the results for
5 4 3 5 ] 0 (4T./9P)(C) and confirms that the change in topology of

the Fermi surface as being one in which a hole pocket ap-
pears on the Fermi surface.
FIG. 1. a—Concentration dependence of the superconducting transition

temperatureTc (V) and the residual reSiStiVitv: R4.2 K/(R300 K™ R4.2 K) 4. COMPARISON OF THEORY WITH EXPERIMENT
(m,®) for the Re—Mo system; b—the dependence of the chande ion

pressure for Re—Mo ;\_/ith d(ijffere?]t cqgcenftr?]tions c;fL the Mo impt(nihée For comparison of the theory with experiment we con-

conentstons s s f e e o ho gt - the (17)(71.P)(©) andT(C) curves o he sy

0.5 2.3, and 4.7 at. % Mo at~6 K. tems Re—Mo(the results of the present stydgnd Re—Os
(Refs. 2 and 1§ which are shown in Fig. 2.

According to existing notions about ETTs in metals and
temperature of 300 K andin RigP=2.6x 1076 bar L at 4.2  alloys*? the features on these curves correspond to elec-
K. The uniformity of the pressure was judged from the par-tronic topological transitions in rhenium under the influence
allel displacement of the transition of the samples to the?f impurities. These features appear against the background
superconducting state under the influence of pressure relati@® smooth components of . and its derivative, which are
to theP=0 case. The experimental technique is described ifletermined by the smooth variations of the electronic and

detail in Ref. 21. phonon spectra.
In considering the results of this study, it is necessary to

be mindful of the fact that the rather high concentrations of
impurities in the alloys studied can affect the phonon spec-
Figure 1 shows the results of measurementg ¢iC), trum. Experimentally, according to neutron diffraction data, a
T(P), (dT./9P)(C), and residual resistivityp of  softening of the phonon spectrum is obseRfedhich, ac-
Re,_,Mo, samples with different impurity concentrations cording to theoretical estimates @f for Re, Re—Mo, and
(0-5 at. % and the thermopower for several Mo concentra-deformed Ré&? introduces slight changes ®,(C) in com-
tions (0.5, 2.3, and 4.7 at.%As is seen in Fig. 1a, the parison with the changes due to the electron spectrum. In this
admixture of Mo impurity to Re leads to nonlinear growth of paperT.(C) is considered to be the result of changes of a
p(C) and of T(C) from 1.7 K for pure Re to~5K for ~ smooth componenff)(C) and a topological component

C, at.%

3. RESULTS OF THE MEASUREMENTS



Low Temp. Phys. 30 (5), May 2004 T. A. Ignatyeva and A. N. Velikodny 391

5.0 -0.16
4.5 -0.18 0.0410 Re-Os
4.0 e g o 11.85
-0.22 ¥ -
x50 -0.24 § -0.0af "/ 11.80
S 30 5 T .,-/. =
-0.26 E’—o.oa— p a ly75"
2.5 -0.28 ‘z ."',

2.0 ~0.30 _0'12{' i o1
1.5 1 L I ! -0.32 -0.16 L ! 1.65
6.95 6.96 6.97 6.98 6.99 7.00 7.00 7.01 7.02 7.03
N, electrons/atom N, electrons/atom

FIG. 2. Experimental concentration dependencé& 4N) (M) and (1T .(dT./dP)(N) (O) for the systems Re—M@, present studyand Re—Ogb, Refs. 2
and 15.

6T., which is due to the singularitjv~(E2—E.)*?inthe = more sensitive to the impurity than to presstfé.n this
electronic density of states. The changes of the phonon specase (lTé‘)(&TS/&C)AC can be close to 1 at comparatively
trum are reflected in the smooth backgrou‘ﬁ@i, but the  high impurity concentrations, in which case it is more correct
changes in the electronic density of states are assumed to b write InTS(C) in the form

the determining factor. The influence of impurities ndue

to their action as scattering centers is taken into account
through a damping parametéraccording to the theory of
Ref. 16.

The comparison of the theory with experiment is done
by the_least squares method. Th_e values _o_f thg pararr_]eters The expression for comparison of theory with experi-
govermng_the electronic topolog[cal transition in rhe.nl.umment in this approximation has the form
under the influence of a Mo impurity are found. In the fitting
of the parameters the experimental data fiy(C) and
(1/T)(dT:/9P)(C) were used simultaneously, since they . Vv g
are described by the same parameters. This increased the |n—g(C)=§|(/3), where TS(C)=T’§+EAC;
number of data processed and improved the confidence level ¢
of the parameter values obtained.

0
* —_°
INTZ +In| 1+ 5 3C

i)

0

In the present paper we use express@ib from Ref. 0 * e
9 with the approach proposed in Refs. 5 and 10, taking into - ou( E*F+§TC) - a* 21;0 (see Ref. 9
consideration that the impurity concentrations are rather v (Ep) vy (Ep)

high. In this case the substantial variation of the smooth
componenfT S(C) under the influence of the impurity must
be taken into account as T(C)=In[T#+(4T ¥JC)AC], _EO_E InE(C)—In
leaving TY(C) under the In sign. Her@* is the supercon- B=Er~Ee T B
ducting transition temperature of the pure metal. When these 0 .
remarks are taken into account, the expression for compari- 1 Sv(Ep+2T5)

son of the theory with experiment has the form of formula 2 vi(ED) ’
(1) below. In the limiting case of low concentrations this
formula takes the form of expressi¢n) from Ref. 10, where

L 1 <9T2AC
T

the problem considered was the changé pfinder pressure N y \[?
and the InTY(P) dependence was written in the form H(B)= iy F SKe
0
* =~ % r— tani(y/T,)
|nTC +In| 1+ T: P AP) —|nTC +KP, X \/,8+y+ \/(ﬁ+y)2+(F/2)2Tcdy'

where the coefficient K=(1/T*)(dTY9P)<1, and
In[1+(1/T¥)(dTY9P)AP] can be written askP. In the or, with the integrand normalized toTZ , 1(B) takes the
present paper we take into account thgtis considerably form
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y
tanh—
o (ZT*)Z\/la,B \/1(9,8 2 /1 \27 7\
[(B,N)=V2T f —AC+y+ —AC+ + —dy,
(B.h)= 2T oC Y 2T* oC Y aTE | Y Y
|
where _ v (E(F’+2T*) _
&B &(EE_EC) T TC B]_:V 2Tc:—(E ) \IZTC,
iEAC:iTAC, =y —Bep, A= 2 * " Yo
4Te Te whereV is the relative change in the electronic density of
Then states whenE2=E +2T? ; B3=(1rr:)(aT2/a_C) is the
- 1 910 change in the smooth componeTﬁ under the influence of
In—(C)=1 1+—*—CAC) the impurityé) B,=(1/2T*)9(ER—E.)/oC is the rate of
Te Tc J9C change of E2—E,) under the influence of the impurity at
1 Sv(EL+2T%) the ETT,; Bs=C,, is the critical impurity concentration at
L2 TR T el BN, 1 which the ETT occursBg=I'/4T} p is the coefficient of pro-
2 * EO (ﬂa ) ( ) X - c
vo (EF) portionality between I'=1/r and p=R,,k/(R3p0«

HereT? is the smooth component of the variationTof Ry2)- Then formula(1) is written in the form

* 2

under the influence of the impurity without the ETT taken Te _ By [ 2T,
. . . . In—(C)=In(1+B3AC)+ — F y
into account;T¢ is the superconducting transition tempera-  T* 2 J- SKg
ture of the pure metal in the absence of external influences;

=(EE—EC) is the distance from the Fermi level to the y

i ; . ; tanh—
critical energy in the electron spectrui;is the damping \

parameter, which takes into account process of scattering on X \/B4Ac+y+ \/(BA,ACer)ZﬂL(BGp)2
impurities: I'~p, where p=R4, k/(Rzook—Ra2k) IS the

residual resistivity. The(C) dependence is determined ex- The expression for (T) (dT./dP)(C) obtained by dif-
perimentally (see Fig. 1pand is used in the quantitative ferentiating formula(1) with allowance for the fact thaf .
calculations;|F(TYy/SKg)| is the kernel of the effective and the other parameters are functionoand C is

dy. (2

electron—electron attraction. In this paper we compare the 1 (?T B, (9,8 JC
results for the Frohlich—Debye kerfieind the real kernef. 14T, TOoP “p T2 ac ap ' HBN)
We note that formulgl) of this paper generalizes the == , 3
. L - c OP Y
cases of pressure- and impurity-induced variation$ obut 1+ _J(B \)

is limited to the linear approximation for the changeT@f.
We introduce the following notation for the parameters:where

| (215 \[P [ 1 oB 1 9B \* [ T2 y
J(,B,)\)=f F —+y+ —+y| + cosh ?—dy.
-8\ SKe 2T* JC 2T* oC AT A
|
Using the tabulated values d{8,\) within the speci- All of the symbols with an asteridkpertain to pure rhe-
fied range of integration, one can estimate the denominatarium without allowance for the the topology.
of formula(3), which is approximately equal to unity for the Using the parameterB,, B3, B4, Bs, and Bg intro-
system Re—Mo. Then the simplified expression for the deduced above and a|SCBZ=(1/T:)(c72T8/&C(9P), B~
rivative is =9JC/dP (the relative effectiveness of the influence of the
impurity and pressure on the Fermi energyand Bg
1012 1 %10 =(1T*)dT% 6P (the change in the smooth compondrit
14T T* P -5t T* aC&PAC under the influence of pressiireve can rewrite formuld3)
c_
- — as
T, 0P N 1 T°AC
T* oC 1 4T, BB+BZAC+ 1B BB (BN, @
T D 4P7l B
1 Sv(EQ+2TY) - T. P  1+B3AC
2 1 (Eg) ¢ As a result of a comparison of the theory according to
1 A(E%-E,) oC formulas (2) and (4) with the experimen{Fig. 2), we ob-
— # E(lg \). tained the values of the ETT parameters for the Re—Ho (
218 JC EP) and Re—OsE>E?) systems; these are given in Table
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TABLE |. Parameters of the electronic topological transition for the Re-Mo and Re-Os systems.

393

Re-Mo Re—-Os
Parameters Dimensions
Frohlich kernel Real kernel Frohlich kernel Frohlich kernel (Ref. 9)
SV(E + 2TC ) _ _3 -3 > ¥
_FETYCl ,/ K72 B, = (19.6 + 0.6)-10 23.3-10 V =B/, = v =Bi/‘/2Tc =
W(ER V=10.810" =(5.6+0.6)-10° | =(6.0 % 0.6)-107
= o1g 1/(at.%-kbar) (-1.2 = 0.3)-107 (4.9 +1.7) 107
Tc"acaP ’ e = el S
0
:iﬂ & -2 -2 -2
7% aC 1/at.% (22.5 £ 0.3)-10 18.8-10 —(8.68 = 2.0)-10
C
18.9 = 4.0 205 + 6.0 25+3o0r AEF —EQ) _
By =L XEF —EJ) AEF - Eg) =
ZT(; ac 1/at.% ———_I;C €l - =-9.10 “eV/at.%
=-9.3-103eV/at.%
Bs =Gy at.% 2.35 = 0.03 0.125
= r —1
4T;p K 6 S
aC i
= at.% /kbar —(8.5 = 2.0)-107° —(7.5+1.2)-1073 (16.5 = 2.0)-107° 16.9-1073
1 67‘9 -3 -3 -3 -3
:F—«?? 1/kbar —(1.58 + 0.8)-10 -1.7 10 —(2.1 £ 0.5)-10 -2.35-10
C
Te K 1.57 1.66 1.67

I. Also given there are the parameters for the Re—Os systeincreases at the ETT when impurities of any valence are
which were obtained in Ref. 9 by comparison of the theoryadded, and the topological contributioa3.(C) are posi-
of Ref. 4 with the experiment of Ref. 15. According to the tive. When the sign and magnitude of the smooth component
data in Table | we can make a quantitative comparison of th@? are taken into account, this corresponds to the situation
features of the electron spectrum of rhenium on the two sidethat E(F) of pure Re is found at a minimum of the electronic
of the Fermi energy. density of stateg¢see Sec. b

A parameter common to the whole set of experimental  The results of a quantitative comparison of the experi-
data for Re and its alloysfrom different studiep is Bg mental data and the theoretical dependentegC) and
=(1/T§)((9T2/(9P), the value of which, as is seen from (1/T.)dT./dP)(C) with different kernels of the electron—
Table I, agrees to within 15—-20% for the different data. Forphonon interaction for the Re—Mo system are presented in
Re-0Os good quantitative agreement of the results of the cakigs. 3 and 4, respectively.
culations of the present study and those of Ref. 9 is also It is clear from the table and figures that the type of
seen, although different experimental results were used in theernel of the electron—phonon interaction does not have a
calculations. This shows that the chosen theoretical approxsubstantial influence on the agreement of experiment and
mation of the concentration dependenced{ir;(C)] and
(1) (9T 19P)(C) (formulas(2) and(4)) is a fair approxi-

mation of the experimental results. 50F T, Frohlich kermel _real kernel
With the values of the parameteBs andBs (see Table 451 —.— o,
I) taken into account, the distanceE)& to the critical points 4.0k wo. theor. T —e—
E.; and E., were determined:EE—E02=O.017 eV for 35l ~a- theor. T8 A
Re—-Mo andE.;—Er=0.001 eV for Re-0Os. X 30L Tg —v- theor.
Thus it is seen thdE,, is found below the Fermi energy =2 25 5
E,?, and E.; is above EE. The parameteB,=dC/JP 2.0} 5 &LM
~10 2 shows that the presence of an impurity is consider- 1:5_ \
ably more effective than pressure in changing the Fermi en- 1.0b
ergy. The sign of the paramet8, shows that variation of 0.5L
the pressure shifts the Fermi energy of rhenium in the same ok Wv:;:;;:;:'.:;_,_,

direction as does the admixture of an Os impufitygher
valence and in the opposite direction to the admixture of an
Mo impurity (lower valencg The fact that in both cases the
parameterBl=6v(E(F’+2T§)\/ﬁ/ vy (Eg) is positive im-
plies that the electronic density of states on both sideEEof

695 696 697 6.98 6.99 7.00
N, elctrons/atom

FIG. 3. Results of a comparison of theory and experimdhx for the
dependencel (N) in the Re—Mo system with different kernels of the
electron—phonon interaction.
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-0.10 : Let us discuss these results in combination with earlier
- Frefilich kemel experimental data and their theoretical processing for pure
5 —0.14 rhenium and its weak solutions. It follows from the experi-
§ = 3 mental result® that E2 in pure rhenium does in fact fall in
‘n'_. -0.18F u the region of energies where such a topological singularity is
T B already partially mainfested in pure Re, as nonlinearity of
t:-: —0.22| T.(P) at comparatively Iovy pressures. The exFremum of
- i (UT)(dT:/9P)(C) (see Fig. 2 at small admixtures
L (~0.125 at. %) of osmium corresponds to the appearance of
o ~0.26 an electron group aECF’ rises under the influence of the Os
e B = impurity>%1°As in the case of thallium,such a feature is
—0.30r manifested in rhenium as an anomaly in two parts: nonlin-

earity of T.(P) in the pure metal at energies aboﬁ,
including an energy interval containirfity, , and the continu-
ation of the anomaly as a “shoulder” or “wing” of the fea-

1 1 i 1 1 1
6.95 6.96 6.97 6.98 6.99 7.00
N, elctrons/atom

-0.10f real kernel ture in the energy region beIO\EE. Because of this, the
- T.(P) dependence of pure rhenium is sensitive to small ad-
5 —-0.14} mixtures of impurities of different valencéwhen, by shift-
< - ing EE through a change in the impurity concentration, one
:_'—0.18— can arrive at different parts of the nonlinebg(P) depen-
<) L dence. The appearance of a “wing” of the feature, due to the
K _0.221 small electron group above the Fermi level at energies below
e 0 . L
= B Er, may be one of the mechanisms that lead to a kink in the
5 -0.261 T.(C) and (1m.)(dT./dP)(C) curves for the Re Mo,
o B system at low Mo concentrations, as is seen from the results
T _0.30kL of the present studyFig. 29. In Refs. 2,9, and 15 it was
! | L | | concluded that there is a critical enerfgy, > Eg correspond-
6.95 6.96 6.97 6.98 6.99 7.00 ing to the bottom of the new pocket of the Fermi surface, at
N, elctrons/atom a distance of~0.001 eV fromEE (Ref. 9. The valueE,
FIG. 4. Results of a comparison of the thedfy) with experiment(l) for — ng0,00l eV is less than the error of the theoretical

the dependence of (L/(dT./dP)(N) in the Re-Mo system for different  cg|cylations: This brings clarity to the discussion in Ref. 1
:ferr%%l)s of the electron—phonon interactigh is the theoretical calculation as to the presence or absence of an electron pocket in the 8th,
ot 9th, and 10th Brillouin zones in pure rhenium. The results of
the present study suggest that there is another critical energy
) L .. Eg that lies a distance=0.017 eV below the Fermi level
theory: the difference of the quantitative characteristics lieg=0" |, corresponds to the top of the band whose crossing
within the error limits for the determination of the param- wli:th the Fermi level leads to the new hole pocket of the
eters. The quantitative agreement of the theory and EXPETkarmi surface under the influence of a Mo impurity. This is
m_ent forT (C) and (1) (dT./9P)(C) of Re;_Mo, alloys qualitatively comparable with the theoretical calculations,
with allowance for the ETT at the same values of the paraméccording to which there are severdlbandd below the
eters attests to the_ cpmmonality of the nature of the feature|§ermi level with a high partial density of stafésit can be
of those character|§t|cs. . . supposed that the ener@y, observed experimentally from
n t'he'next Section we consider the mfluence of E.TTS Yhe ETT corresponds to the top of one of those bands. Quan-
th.e varlat!on OfT; for rhenium under the influence of impu- titative estimates of the distandEa(F’—Ecz obtained in the
rities of different valence. study of Re—Mo alloys in the present study supplement the
information about the fine structure of the electron spectrum
of rhenium below the Fermi level.
We have made estimates of the influence of the ETT on

One of the main results of this study is the detection ofthe temperature of the superconducting transition of rhe-
an ETT in the system Re,Mo, from the position of the nium, according to Ref. 9. We call attention to the fact that
minimum of (1/T,)(JdT./dP)(C). According to the theory an impurity of lower valencéMo) increasesl . from 1.7 K
of Ref. 4, the minimum and the asymmetry of theTQ/ for pure rhenium to=~5K for C~4.7 at. % Mo, while an
X(dT./9P)(C) curve and the sign of the paramet&sand  impurity of higher valencéOs) increases it only to=1.9 K
B, (see Table)l are due to the appearance of a new holeat C~5 at. % Os’ To establish how the changes Tq are
pocket of the Fermi surface as tﬁ level of rhenium de- related to the valence of an impurifwith both the sign and
creases under the influence of Mo. The negative sign and tHte concentration taken into accoplittis necessary to deter-
change in the thermopower as functions of composition fomine the signs and magnitudes of the contributions of the
the given concentrationgFig. 1d also corresponds to changes of the smooth componedTl=T2—T? and the
changes in the topology of the hole pockets of the Fermtopological contribution 6T, to the resultant change
surface. ATC(C)=AT2+ 6T.. Figure 5 shows the experimental

5. DISCUSSION OF THE RESULTS
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dT.19P|p_o anddvy/JE one can judge the character of the

5.0t

45! Te Re-Mo Re-Os conductivity of the pure materigélectron or holg The sign

a0t of dT./dP|p_,o for pure rhenium is negative; it was deter-

35 = - exp. mined experimentally in Ref. 15 and in the present study as
« 3.0 _Tg 0,A¥ - theor. the parameteBgz(llTé)(o?TS/&P) (see Table)l. Then the
o5l changes indT; due to the nonlinear contributions on both

20l sides of the Fermi energy of Re must be considered against

1'5 8Tc the background of the negative trenddf,/JE of pure Re,

) i.e., against the background of the hole pockets. Such an
1.0 interpretation agrees with Ref. 1, where the theoretical de-
O'g i | M pendence/(E), obtained in accordance with the band struc-

6.94 6.96 6.98 7.00 7.02 7.04 7.06 ture of Re, has a negative derivative at ener@esEE.

Taking into account what we have above, let us consider
the sign of the change in the smooth comporﬁeﬂiE under
FIG. 5. Concentration dep(_andenceTQf_, T., 6T, (theory for the systems  the influence of impurities, which is determined by the prod-
R oo and Re- Os: experiment POMIN) (W) for Re-Molthe results et (9T9/E) (4E/9C)AC. The sign ofgT%/JE for rhenium
has already been found to be negative for any change of the
Fermi energyECF’. The sign of gE/JC)AC corresponds to
the valence of the impurity. If we let energies be measured

N, electrons/atom

curves of T;(N) and the results of a theoretical processing o ) )
for the systems Re,Mo, and Rg_,Os, on the electron con- from Eg, thenAE>0 for an Os impurity andAE<0 for a
centration scale. Tha.(N) curves are separated into the MO impurity. Then f%r Re the sign of the change in the
smoothT? and topologicalsT, components for alloys with smooth componen T, (the sign of the produgis negative
impurities of different valence in accordance with the valuedn the case of an impurity of higher valen(@s) and positive

of the parameterssee Table )l and formula(2). It follows  for @n impurity of lower valencéMo); see Fig. 5. When the
from Fig. 5 that the topological contributionsT,(C) are  S!9ns of the topological and smooth contributions to the re-

positive on both sides OEE and that the change in the sultant change i for impurities of different valence are

smooth componen T%>0 WhenE<E2 andAT°<0 when takeninto account, there is agreement in terms of their quan-
Cc C - - . .

E>EQ. The relative size of the two components determineditative difference. In the Re—Mo system the chadgk, is

the sign and magnitude of the resultant chadge : for an substantially larger than in Re—0s. It follows from the re-

Mo impurity both componentsT,(C) and AT® have the sults of this study that in rhenium the small pockets of the

Cc . L.
same sign and reinforce each other, while for an Os impurityFerm' surface arising at the ETT turn out to have a substan-

they have different signs and partially compensate eacH@l ffect on the change iflc, comparable to that of the
other. This corresponds to a substantial quantitative differM&in groups. Furthermore, the positive sign of the resultant

ence in the changes @, in rhenium under the influence of change ofT. in Re under the influence of impurities of dif-
Mo and Os impurities. ferent valence corresponds to the fact that in pure rhenium

O . . . . .
Let us discuss in more detail the determination of theEr is found at the minimum of the electronic density of

sign of the changes in the smooth compome'rﬁﬁ under the  States. ) ) .

external influences of an impurity and pressure. We recall Topological features of the electronic density of states of
that AT is treated under the assumption that the change dif€nium (6v/vo) (Er) and their agreement with the topologi-
the phonon spectrum is insignificant and that the predomic@l componensT, /T for the Rg_,Mo, and Rg_,Os; sys-
nant role in the influence off, is played by the electronic tems can be estimated using formu(ds?) and(2.8) of Ref.
density of states. The changé@ under the influence of an 9 and the parameteB, from Table I. The curves of

impurity can be written as (6vlvo)(Eg) as a function oE—EL in the energy intervals
JTO JTC 9 E<E? and E=E? were calculated for the Re—Os and
0 Cc Cc H H HY
TYC)=—=AC=—=—-=AC, Re—Mo systems and are presented in Fig. 6a, where the criti-
JE 9C cal energie€; andE,, are indicated. The reference point
and in the case of pressure as for the energy E— EE) is the value ofE(,Z for pure rhenium.
JTO ITC 9E These results show that the features of the changes in
ToP)= &_IDCAP: &_IEC ﬁAP' (8vlvo)(Eg) for any changes oE? are positive and agree

quantitatively with the changesT,./T? (Fig. 6b. According

In both cases it is assumed thafY/dE~Jvy/JE and  to the results of Ref. 24, below the Fermi level ttheslec-
that the sign 0BT/ JE is determined by the sign @fvy/JE  trons have a high partial density of states. Consequently, it
independently of the form of the influence on the Fermi encan be assumed that ﬁ is lowered, when a new hole
ergy of pure Re {vy/JE corresponds to the electronic struc- pocket of the Fermi surface forms under the influence of the
ture of the pure metal Upon a change ifE2 under condi- Mo impurity, thed electrons, with a high electronic density
tions of hydrostatic pressure one always ha&/¢P)AP  states, emerge on the Fermi level and make a substantial
>0. Consequently, the sign e?ﬂ'gl&P is determined by the contribution to the increase @f.. The sign of the change in
sign ofaTglaE or, equivalently, oflvy/JE. This conclusion T., as we have seen, corresponds to the valence of the im-
is of interest in itself, since’T./dP is an experimentally purities if the electronic topological transitions are taken into
measured quantity, and, by comparing the signs ofaiccount.
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0.08 authors of Ref. 23 came to the conclusion that the features of
Re-Mo Re-Os the PC spectra and the increaseTinare due to features of
0.06f the electron spectrum. The results of our study—the obser-
\>° vation of an ETT atC~2.35 at. % Mo in Re—can be re-
3 0.041 garded as experimental confirmation of that conjecture.
a
0.02¢ 4 6. CONCLUSIONS
d
or Ec2 m—omi Eet 1. In the Re_,Mo, system a minimum of the derivative
1 E

(LT)(dT./9P)(C) is found at a concentrationC

-0.04 -0.02 0 0.02 0.04 ~2.35 at. % Mo. In accordance with the exchange of elec-

E- E,?,ev tronic topological transitiongETTs),* the minimum and
0.5 Re—Mo Re-Os asymmetry of the derivative and sign of the_parameEé_Lrs
oo 04r and B, correspond. to an ETT—the formation of a hole
E ooal / pocket of the Fermi surface.
o 2. The parameters of the ETT for the RgMo, system
To02} " b have been determined by a quantitative comparison of the
':,° 0.1l theory* with experiment: the distance from the Fermi level to
the critical point isEE— E.,~0.017 eV, and the critical con-
or | . . X centration at which the change in topology of the Fermi sur-
6.96 6.98 7.00 7.02 7.04 face occurs i ~2.35 at. % Mo.
N, elctrons/atom 3. We have established a correlation between the nonlin-
ear changes in the superconducting transition temperature of
or Re under the influence of impurities, with an extremum of
3 _pot (UT)(dT:/9P)(C) in Re,Mo, and Re_,Os, alloys. The
> _04 variations ofT . in these systems was considered with allow-
a ance for the ETTs aE, in the energy intervaE<E? for
% -0.6f ¢ Re,_,Mo, and atE.; in the energy intervaIE>E(F’ for
L ~0.8} Re,_,Os,. It is shown that these transitions have a substan-
o tial influence onT. in rhenium.
T -10rRe-Mo"  Re  Re-Os 4. In the framework of the ETT theory we have sepa-
6,94 6,96 6,98 7,00 7,02 7,04 7,06 rated the contributions of the smooth and topological com-
N, elctrons/atom ponents of the change iR, for the systems Re,Mo, and

_ o _ o Re,,Os, in accordance with the ETT parameters given in
FIGj 6. a—.ReIatlve variation of ‘the topo(l)oglcal contribution to the elec- Table I. We have shown that they are quantitatively compa-
tronic density of states as a functionBf- E; for the systems Re—Mo and . h
Re-0Os with an indication of the critical energi@slculation according to rable. Estimates were made fo61/,)(Eg) according to
Egs.(2.7) and(2.9) of Ref. 9 with the parametei,); b—relative variation  the theory® with allowance for the values of the parameters
of the topological contribution{T.(N)/T) (theory; c—experimental de- V for Re—Os and Re—Mo alloysee Table ). We showed
pendence of ¢T./dP)(N) for the systems Re—Mdpresent study and that the changes&y/vo)(Eg)>0 when impurities of any
Re-Os(Ref. 2. valence are added, and they agree with the variations of
8T./T in both cases.
5. We have shown that the resultant changeTinis
The question of the reasons for the increas&@ phas  positive on both side of the Fermi energy. This accords with
been discussed previously in a study of the spectra of ththe fact thatEE lies close to the minimum of the electronic
electron—phonon interaction by the method of point-contactlensity of states. From the whole set of experimental data on
(PC) spectroscopy. In those experiments the appearance ofthe study of ETTs it follows thaE? is almost coincident
new peak in the PC spectra of Re—Mo alloys was observedyith E.;. This is in qualitative agreement with the theoreti-
starting with the concentratioB~3 at. % Mo and abov&  cal calculations of the electronic density of statesnd is
Analogous features have been obtained in the PC spectra gfiantitatively consistent with the changes in the supercon-
the Re—W system and were first interpreted as a manifestalucting transition temperature.
tion of quasilocal oscillations in the phonon spectrum. How- 6. We have shown that taking into account the sign and
ever, neutron diffraction studies have revealed only a smootmagnitude of the contributions to the changeTinin rhe-
variation of the phonon density of statgéw) in the low-  nium alloys from the smooth and topological components
frequency region of the spectrum, and therefore quantitativéeads to a correspondence between the variatiofi .6C)
estimates of the change iR, taking into account only the and the valence of the particular impurity.
change in the phonon spectrum have failed to explain the
increase ofT, in rhenium. If the electron—phonon coupling *E-mail: tikhonovsky@Kkipt.kharkov.ua
parametei .~9g(w)v(E) (wherev(E) is the electronic den-
sity of stateg determined experimentally from the PC spectra
is used for estimatinglc, then one observes quantitative 1. g wattheiss, Phys. Ret51, 464 (1966.
agreement with the experimental data Bn(Ref. 23. The 2C. W. Chu, W. L. McMillan, and H. L. Luo, Phys. Rev. B 3757(1971).
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We evaluate the Josephson current through a quasi-1D quantum wire coupled to bulk
superconductors. It is shown that the interplay of Rashba spin—orbit interaction and Zeeman
splitting results in the appearance of a Josephson current even in the absence of any phase
difference between the superconductors. In a transparent jun@isti] at low temperatures

this anomalous supercurredt,, appears abruptly for a Zeeman splitting of the order of the
Andreev level spacing as the magnetic field is varied. In a low-transpar&heyi §

junction one hagl, oD under specialresonanceconditions. In the absence of Zeeman

splitting the anomalous supercurrent disappears. We have investigated the influence of dispersion
asymmetry induced by the Rashba interaction in quasi-1D quantum wires on the critical
Josephson current and have shown that the breakdown of chiral symmetry enhances the
supercurrent. ©2004 American Institute of Physic§DOI: 10.1063/1.1739160

1. INTRODUCTION For quasi-1D electron systems the influence of the
) ) ) Rashba interaction on thermodynamic and transport proper-
Quantum wiresQWs) have the potential of being the tjes of quantum wires was considered in Refs. 8 and 9. There
basic elements in future nanometer-scale electronic deviceg.\yas shown that in the presence of an in-plane confinement
Electron transport in QWs is coherent and ballistic. It results,stential and spin—orbit interactions the electron spectrum is
in a number of spectacular phenomena such as conductanggjitatively modified. Chiral symmetry, which is usually as-
quantization, persistent current oscillations in rm_g-shape(%umeOI to be present in QWs, is violated, resulting in the
wires (quantum rings; etc. At present, QWs are realized ex- appearance of a dispersion asymmetry. To be more precise,
perimentally in the form of long and narrow channels ( the right-moving spin-up (left-moving spin-dowhand left-

>d~.)‘F’ W_here)\F Is the electron Fermi wavelengtin a moving spin-up (right-moving spin-dowh electrons have
two-dimensional electron ga@DEG) (see Ref. 1 and as . X tie€ This impli .
S(illfferent Fermi velocitieS. This implies that electrons in

conducting 1D and quasi-1D molecular systems. The mo guantum wires with Rashba interaction are *“chiral par-

successful and promising realization of 1D conductors is,[i les.” and their spin proiections ar rrelated with the di
single-wall carbon nanotubésit has been shown both cles,”a €Ir Spin projections are correlate ©

theoretically and experimentalfythat in carbon nanotubes rection of motion. Being interested in low-energy<er)

the effects of Coulomb interaction are significant and thaprogelrneg of quantum vk\)/ges, W? cacr; ‘(‘:I?ssm;]these partédes
they transform the conduction electron system into a Lut2S Pelonging to two subbandSl” and “2" ) characterize

tinger liquid. In quantum wires formed in a 2DEG the by their Fermi veloc_ities{see Fig. 1L Notice that th_is elec_- _
electron—electron interaction is less pronoungegsumably ~FON SPectrum pertains to a weak or moderate spin—orbit in-
due the screening effects of the nearby bulk metallic electéraction. As was demonstrated in Ref. 10 for a strong
trodes, and the electron transport in these systems can ifkashba interaction, the projection of electron spin is strongly
many cases be successfully described by Fermi liquid theor)gorrelated with the direction of motion, and left- and right-
It has long been knowhthat electrons confined to a Moving electrons with the Fermi energy always have oppo-
plane (e.g., in MOSFET structures or in heterostructiires Sit€ Spin projections.
experience a strong spin—orbit interaction originating from  The unusual spectral properties of electrons in QWs
interface electric fieldRashba spin—orbit interactipnRe-  have to show up in situations when spin degrees of freedom
cently it was shown experimentally that the strength of theare nontrivially involved in the electron dynamics. Here we
Rashba coupling can be controlled by a gate volfagee  consider the Josephson current in a long S—QW-S junction
Rashba effect leads to various interesting suggestions ifor an electron spectrum with dispersion asymmetry and
spintronics, and it has been a subject of active theoretical anldrge Zeeman splitting. Recently the combined effect of Zee-
experimental studies in recent yedeee, e.g., Ref. 7 and man and spin—orbit interactions on the Josephson current in
references therein a short ballistic junction formed in a 2DEG was studied

1063-777X/2004/30(5)/7/$26.00 398 © 2004 American Institute of Physics
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&(p) maximum amplitude o8 ,,, at specialresonanceconditions
is of the order of\D. Notice that this unusual dependence
on transparency, which corresponds to tunneling of a single
electron through a barridits entangled partner passes reso-

T L nantly through the structurealso holds for the critical Jo-
2 i T 1 2 sephson current even in the absence of dispersion asymme-
1 try. This effect can be interpreted as a tunnel splitting of the
¢ 5 de Gennes—Saint-James bound stashifted by magnetic
F \ \ / / field to the vicinity of the Fermi level. Analogous effects of
giant critical supercurrents in tunnel S(8” stands for in-

T T sulato) and SINIS structures were discussed in Ref(d6e

also Ref. 14, where resonance effects are considered for a

FIG. 1. Schematic energy spectrum of 1D electrons with dispersion asymP€rsistent current in a norm_al meta_l ring

metry. The particles with energies close to the Fermi energyhave an When the Zeeman splitting vanishes, the anomalous su-

almost linear dependence on momentum and are classified by their Ferrpjercurrent and all the above described resonance effects dis-

volocities (byr—subband 1p,-—subband 2 appear. Then the Josephson current in a Ibjunction is
small (~D). What is the influence of dispersion asymmetry

theoretically!! Notice that interaction-induced dispersion On the critical current? There is a general stateriiethiat
asymmetry in the electron spectrum is a specific property o$Pin—orbit interaction in systems with the Aharonov—Bohm
quasi_one_dimensiona| geomefry_-_or a pure 2D geometry geometry suppresses perSiStent currents. AIthough the theo-
spin—orbit interaction does not lead to chiral symmetryrém directly concerns normal ring-shaped conductors, it also
breaking, and the peculiar effects produced by chiral parholds for linear hybrid systems with Andreev mirrors by vir-
ticles do not manifest themselves in the short and wide SN&/€e of the analogy between persistent currents in a normal
junction considered in Ref. 11. In particular, we show thatlD ring and Josephson currents in a long SNS junction. We
the combined effect of Rashba and Zeeman interactions r&how here that the cited statement is not valid when the
sults in the appearance of an anomalous Josephson curreiin—orbit interaction is accompanied by chiral symmetry
Jan:\](quo) in a |Ong S-QW-S junction' For a transpar- breaking. Rashba Spin—orbit interaction in quantum wires al-
ent junction the supercurrent induced by the Rashba and zZe#ays enhances the critical current.

man interactions at low temperatures is a step-like periodic

or quasiperiodic function of magnetic fie[dee Fig. 2 The 2. ANOMALOUS JOSEPHSON CURRENT

periodicity depends on the ratio of the Fermi velocities and is
controlled by the strength of the spin—orbit interaction. The
amplitude of the anomalous currentTat O is of the order of
the critical Josephson current in a loBg-N—Sjunction and
it appears abruptly at finite values of the Zeeman splitting of _ € 29
the order of the Andreev level spaciiifig. 2). For a low- T hoag’
transparency junction<1), realized by introducing a
scattering barrier(impurity) into the normal region, the

The Josephson current, being an equilibrium supercur-
rent between two superconductors, can be calculated from
the general thermodynamic relation

@

where() is the thermodynamic potential of the junction con-
sidered andp is the phase difference between the two super-
conductors. We have included a factor of 2, which usually

0.8 1 appears in Eq(1) in combination with the electric charge,
0.6 a into the definition of(). This factor originates from spin
o 0.4} degeneracy, and in the presence of Zeeman splitfihg
R p— =0,+Q, andQ,#Q,.
_;':u_o 2'_ 2 4B 8 10 12“AZ/AL In general both the Andreev bound stateS<{|A|,
_0:4_ where A is the superconducting order paramgtand the
06+ continuum scattering stateE#|A|) contribute to the super-

current. In two limiting cases—shortL&&,=hve/|A],
wherelL is the junction lengthand long (> &) junctions

— only bound states are relevant. This statement is well
known for the case of short junctioiisee, e.g., Ref. 16 and
references thereinFor a long junction it has been shown
that the Josephson current through a long SNS junction does
not depend orA| at all}” Then, one can formally put|

—oo and sum over all Andreev bound states (n=0,*1,
+2,...) with the natural assumption that the supercurrent
vanishes in the limitL—. This procedurganalogous to
FIG. 2. The dependence of Fhe nqrmalized anomalou§ QOsephson curre{_ttasimir energy evaluation in quantum field theory; see, e.g.,
Jan/do (Jo=€ve /L) on the dimensionless Zeeman splitidg /A, (A pog 18 reproduces all known results for a long ballistic
=five/L). (8 Asymmetry parametek,=0.3. The different plotg1-4) . . . ;
correspond to different temperatureb=(0.1,0.5,3,57*, where T* _SNS_Junctlon. In what follows we will consider only long
=A /27, (b) \,=0.7; T=(0.1,0.5,1,3T*. junctions.
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L in a perfectly transmitting SNS juncticA ) =#v; /L and
x;=Az/A{" is the phase acquired due to the Zeeman inter-
action. Notice that for a given band ind€X” or “2” ) the
relative sign between the superconducting phase difference
and the magnetic phagg is fixed and is different for chan-
nels “1” and “2.” This is a direct consequence of the chiral
FIG. 3. Along (L> &) ballistic S—-N-S junction with a scattering barrier properties of the electrons in our model. In the absence of
(shaded region spectral asymmetry the two energy spectra in [ corre-
spond to Zeeman-split Andreev levels.
Knowing explicitly the energy spectrunt5), it is
To get analytical results we consider a single barrierStraightforward to evaluate the Josephson current. It takes the
junction of lengthL, where the barrier is located at the point form
x=|<L; the distance is measured from the left bank of the .
junction (see Fig. 3. We start with the general equation for _ 2eT Kl sink(¢+ x1)
Andreev bound state energies expressed in terms of scatté]r(—‘p’T’H)_ Tg‘l (1) [ - Sinf(27rkT/A(Ll))
ing matrices of electronsSt) and holes §* ) in the normal )
regiont? sink(¢— x2)
+ . (6)
sinh 27k T/A(?)

)

w

w

:

|

det(1— apSefaS* ef%) =0, 2

where a,=exq—2i arccosE/|A)]=—1 in our case E It is readily seen from Eq(6) that an anomalous Josephson
<A), andf, is a diagonal matrix that only depends on the CUrrentJan=J(¢=0) appears only if both the Zeeman split-
superconducting phasésee Appendix Since the presence ting (Az) and dispersion asymmetry {#v¢) are non-

of a magnetic field violates T-symmetry, the two-channel2€r0. Here we use the term “anomalous” just to define the
scattering of spin-1/2 electrons is described by>a4non- ~ Supercurrent atp=0. Actually this current is induced by
symmetric unitary matri>éE. The normal backscattering in Zeeman splitting n a_lD_eIectron system with dispersion
our approach(we neglect spin flips induced by a weak a;ymmetry. Thg directiogsign) of Jan is completely deter-
Rashba interactionis always accompanied by a change of Mined by the sign of the z(ajs)ymmetry parametare Eq(8)].
schannel index” 12 (see Fig. 1 This allows us to param- At high temperature¥=A|"” the anomalous supercurrent is

etrize the scattering matrix by 7 independent real paramete@(p??eht!a”y .small.. In the Iow-temperature reg'pﬂ-. (
(see Appendix <A})) it is a piecewise constant function of magnetic field

After straightforward(although rather lengthytransfor- ~ "ePresented by the series
mations, Eq(2) results in a transcendental equation for An-
dreev level energies of the form

cos{ +R cos{

[

_ k+1
e (-1 . ,
Jan(H): L E K (U]_F S|nkX1_Uz|: S|nkX2).

=1
()

E+§AZ) ot

7
E+ EAZ) Y

For rational values ¢ /v, =p/q (p=<q are integersd,, is
+D cog{ E+ ZAZ) 87+ ne|=0. (3) a periodic function of magnetic field with periodH
2 =27qAM/gug; otherwise it is a quasiperiodic function.
Here A,=gugH is the Zeeman energy splittingy€2 for It is convenient to introduce the mean Fermi velocity

bare electrons, and we assume that the magnetic Hlelsl  ve=(vie+v,e)/2 and the asymmetry parametey,
applied locally on the quantum wire onjyp= =1, D is the

transparency of the junctio@ +R=1, and \ V1T U2F ®
(=) x( 1 1 a U1|:+l)2|:,
= — "t —
Ox ﬁ(vlF_UZF). @

which determines the strength of Rashba spin—orbit interac-
In the limit H=0 andv,r=v,r (absence of spin—orbit in- tion in a 1D quantum wire. The dependence of the normal-
teraction Eq. (3) reduces to a well-known spectral equation ized anomalous supercurreiy,/Jo (Jo=evg/L) on the di-
for Andreev levels in a long SNS junction with a single mensionless Zeeman splitting=A,/A| (A =#Avg/L) for
barriert®-2 \,=0.3 and for different temperatures is shown in Fig. 2a. In
For a transparent junctionD(=1) the Andreev bound the limit of strong asymmetrythis range of parameters,
states are described by two independent sets of energy levdiswever, seems to be unrealigfiavhen only one of the two
channelg“1” or “2" ) contributes to Eq(6), the dependence

EWD =7TA(L1)(n+ 1+,,7“’+X1)’ (5)  of the anomalous current on the magnetic field becomes
7 2 2m analogous to the well-known phase dependence of the Jo-
1 o= X2 sephson currerft The approach to this simple behavior
E =7AP| m+ ST ) , takes place via stages of staircase-like dependeseesFig.

2b). Notice that we plotted the figures assuming that
where the integera,m=0,=1,=£2,... andp=*1 are the =v,r. The interchange v,z makes the supercurrent
standard quantum numbers of the Andreev—Kulik spectruniq. (7) change sign.
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3. GIANT CRITICAL CURRENT IN A MAGNETICALLY We show below that in a magnetically controlled single-
CONTROLLED LOW-TRANSPARENCY JUNCTION barrier junction there are conditions when superconductivity

Now we consider the limiD<1, which pertains to low- in the leads strongly enhances electron transport, and a me-
transparency SNS junctions. As ,is well knowsee, e.g. soscopic hybrid structure is characterized by a giant critical

Refs. 16, 20, the supercurrent in this limit for a single bar- CurrentJe \D.

rier junction in the absence of Zeeman and spin—orbit inter- e start with the case of a symmetric single-barrier
actions is described by the simple formulée)=J.sine junction, when the scattering barrier is situated in the middle

where the critical current at low temperaturBscA, is of ~ Of the normal region, i.el=L/2 in Eq. (3). Then Sx-0)

the order oD (J,~Devg/L). Interesting physics for loip =0, and the second cosine term in the spectral equasipn

junctions appears when resonant electron tunneling occur$ €gual to one:

This is, for instance, the case for the symmetric double- 5{
co

barrier ballistic junction considered in Refs. 13 and 16. There E+ gAz) 8, =1 9)
it was shown that for resonance conditiofiealized for a
special set of junction lengths giant critical supercurrent When the condition9) is fulfilled, the spectral equation is
appearsJ.xDy, whereD,, is the transparency of single  reduced to the much simpler expression

barrier. Analogous results were obtained for the persistent
current in a ballistic ring with a double barrirNotice that co<
for the symmetric structure considered in Ref. 13 the normal
current(transmission coefficient, which determines the cur-

rent through a double-barrier structure with normal leads =D sir?
resonance conditions does not depend on barrier transpar-

ency at all. This means that for the hybrid structure consid- By using Eq.(10), one can readily evaluate the partial
ered in Ref. 13, the superconductivity actually suppressesupercurrenf,, characterized by 3 quantum numbées}

electron transport. =(n,7n,0), wheren=0,=1,*2,...; 5,o0=*1:

2

E+§Az) 5{”}

s+ ne|. (10

1 U
E(E‘f’ EAZ

JBCOS%[E{G}S(L‘) + n(%Azs(L') + (pﬂ
Jy =7 =-— R 1 , )
62") sini[—g—(E{a} + gAzﬂ + 682")«/_D-cos§[E{a}6§‘) + n(EAZS(L_) + (p]:l

(11)

whereg,,=E, , . is a solution of Eq(10). The Josephson e.g., Ref. 1§ associated with the contribution of a single
current afT =0 is a sum of partial currents over all occupied Andreev level. One can interpret this result as follows. Let us
states. assume for a moment that the potential barrier is infinite.
The resonance currefwf order D) is formed by non-  Then, a symmetric SNINS junctiofil” stands for the insu-
compensated partial currents carried by the Andreev levels ifator “layer”) breaks into two identical INS-hybrid struc-
the vicinity of the Fermi energy, i.e., fdg;,,=0" whenD tures. In each of the two systems de Gennes—Saint-James
—0. Such levels exist only for a discrete set of Zeemarenergy level¥ with spacing 2rhvg/L are formed. For a

splittings finite barrier these levels are split with the characteristic
(2K splitting energys~ VDA <A, . The tunnel-split levels, be-
k) — m(2k+1) = ing localized alread the whole | hbet the t
W5, k=01.2,. (12)  ing localized already on the whole lengdthbetween the two
oL superconductors, are nothing but the Andreev energy levels,

At a givenA(Zk) (controlled, e.g., by an external local mag- i.e., they depend. on the superco_nducting p.hase difference.
netic field two (= =1) Andreev levels contribute to the Although the partial current of a single level is large the

resonance Josephson currant which can be represented in order of YD, see Refs. 13, 16the current carried by a pair
the form of split levels is small D) due to a partial cancellation. A

Zeeman splitting of ordeA, shifts the set of Andreev levels
so that the Fermi energy lies in between the split levels. Now
only the lower state is occupied, and this results in an un-
, (13 compensated, large Josephson current. In other words only
one of the two electrons of the Cooper pairs that form the
supercurrentunnelsthrough the barrier. Its entangled partner
whereJo=evg /L, and the asymmetry parametey is de- at resonance conditions passes through the hybrid SFIFS
fined in Eq.(8). structure (“F” denotes the region with nonzero Zeeman
In the absence of spin—orbit interaction,&0) Eq.(13) splitting) without backscattering. Since the quantized
has the typical form of a resonance Josephson cufee®, electron—hole spectrum is formed by Andreev scattering, the

1
A2 sin( EA(Zk)‘SI(_+))\a+ (p)

a

1_
Ji(¢)=J0D: 5 1

1
Sinz (EA(Zk)éf—))\a-f— @
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resonance structure for a single barrier junction disappears
when the leads are in the normal state. Hence, electron trans- __1.5F
port through a normal region in our case is enhanced by 91,1.4-
superconductivity. 213l
The effect of chiral symmetry breaking on the physical §1 ol
picture described above is to additionally split the degenerate =’
Andreev levels. A dispersion asymmetry+ 0 lifts the left— - :

right symmetry of electron transport through the junctiop and 0.2 0.4 0.6 0.8 ha

splits the doubly degenerate Andreev levelsgat 0. This

results in the appearance of a giant anomalous Josephsblé- 4. The dependence of the normalized critical curtsha)/Je(Aa
current[see Eq.(13)] at ¢=0. =0) in a low-transparency{<1) S—N-S juction on the parameter of

Ve saw tha it s incispensable that §9) holds i order (e YN Tie i heet b oo o e e
for resonant transport through the single barrier hybrid strucasymmetric junctionl=0).

ture to occur. This equation can be satisfied not only for the

symmetric junction considered above. One can easily check

that for a fixed value of the Zeeman splittim(ik) given by  metry in the electron spectrum on the off-resonance super-
Eg. (12) there is a set of points where a barrier still supportscurrent through a single barrier SNS junctiomotice that

resonant transport. These points, determined by their coordiesonace effects disappear in zero magnetic)field

natesxﬁﬁ) measured from the middle of the junction, are ( In a low-transparency 1D SNS junction the critical cur-
is an integer rent in the presence of dispersion asymmetry is of the form
J.=f(Ny)Devg /L. To evaluate the functiofi(\,) analyti-
xW =+ L, O=m=<k+1/2. (14)  cally we consider two limiting caseg) an asymmetric junc-
2k+1 tion 1 =0, and(ii) a symmetric junctiod=L/2.
The temperature dependence of #i@-currents is de- The first case models a junction with strong normal

termined by the energy scafe- VDA, , and at temperatures Packscattering at one of the two interfaces. In zero magnetic
T=5, which are much less thas, , all resonance effects field the spectral equation E¢B), in the limit considered is

are washed out. reduced to

D
N -)
4. INFLUENCE OF CHIRAL SYMMETRY BREAKING ON THE cogEs| )= 5 coSEs| '+ ). (15
CRITICAL CURRENT

) ) o . The energy spectrum and the partial supercurrents in the
There is a general statem&hthat spin—orbit interaction limit D<1 are

in 1D systems with the Aharonov—Bohm geometry produces
additional reduction factors in the Fourier expansion of ther- o__T (n+ 1)
modynamic or transport quantities. This statement holds for n 25(L+) 2/’
spin—orbit Hamiltonians for which the transfer matrix is fac-
torized into spin—orbit and spatial parts. In a pure 1D case . (a) _ (_1)n+1E D sir{
the spin—orbit interaction is represented by the Hamiltonian Iny=7 h 25{”
H&S,D‘)):a(so)pxaz, which is the product of spin-dependent B . .
. . T y summing partial currents over quantum numbers of
and spatial operators, and thus it satisfies the above-CC ied statesE(ﬁo)<0 2t T=0 one gets
described requirements. However, as was shown by dire¢cUP! <0) 9
calculation in Ref. 8, the spin—orbit interaction of electrons
in 1D quantum wires formed in a 2DEG by an in-plane con-  J@= X j=3F(\)sing,
finement potential cannot be reduced to the Hamiltonian T
9. Instead, a violation of left—right symmetry of 1D elec- eve 1-\2
tron transport, characterized by a dispersion asymmetry pa- J(ca)()\a): ID cog ThJ2)’ 17
rametern,, appears. We show now that in quantum wires 2
with broken chiral symmetry the spin—orbit interaction en- The critical current in the absence of spin—orbit interaction
hances a persistent current. Jga)(0)=Dev,:/4L coincides with the known result&see,
There is a close analogy between the Josephson currefitd-» Ref. 18 The normalized currens{®(¢)/J%(0) is
in a long SNS junction and the persistent current in a norma$hown in Fig. 4(curve “a”).
metal ring. For a longl(>%v/|A|) SNS junction the An- For a symmetric junction the analogous calculation leads
dreev boundary conditions can be refasn the form of  to the expression
twistgd boundary cond.ition.s for chiréight- or left-moving eve  mha(1— 7\2) eve
fermions on a ring with circumferencel2pierced by the I¥N\)=—D————; JI¥0)=—D. (19
magnetic fluxd/dy=1/2+ o2, wheredy=hcle is the 7L sin(mha) L
normal flux quantum. Due to this mapping the corresponding  The curve labeled by “s” in Fig. 4 demonstrates the
formulas for the persistent current in a normal diamagnetiaependence of the critical current in a symmetric junction on
(with odd number of spinless fermion$D ring and the for- the spin—orbit parametex,. We see that the spin—orbit
mulas for the Josephson current coincide up to numericadRashba interaction in quasi-1D quantum wires always en-
factors. Here we consider the influence of dispersion asymhances the critical current. The qualitative explanation of the

Natne|. (16)

1
7Tn+§

©
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unusual impact of chiral symmetry breaking on the criticalthe dispersion asymmetry paramet)egj) decreases with
Josephson current is as follows. The Josephson cufasnt transverse-channel numberSo, for a multichannel junction
any other thermodynamic persistent curjésta sum of par- the effects related to a dispersion asymmetry phenomenon
tial currents of all occupied energy levels. The partial cur-will be strongly suppressed, and they completely disappear
rents of adjacent energy levels are opposite in sign, and fdn the pure 2D case.

chiral invariant system&.e., without dispersion asymmeijry We have evaluated the Josephson current through a
they almost perfectly cancel each other to produce a net cus—QW-S junction in a model of noninteracting electrons. In
rent of the order of a single-level current. When chiral in-QWs the effects of electron—electron interaction can be sig-
variance is broken the absolute values of the partial currentsificant, and here we comment on how interaction effects
of adjacent energy levels are different, and the cancellatiooould modify the results obtained. Electronic properties of
of currents for distant levels is less perfect. This results inlD QWs are usually described by a Luttinger liquid.)
enhancement of the critical Josephson current. However, th@odel (see, e.g., Ref. 23 The supercurrent in a S—LL-S

effect is numerically not large. junction with repulsive electron—electron interaction depends
strongly on the quality of electrical contact of the nanowire
5 CONCLUSION with the bulk superconductors. For adiabatic contacts, when

. ) ] ) only Andreev scattering takes place at the interfaces, the Jo-
In quantum wires formed in a two-dimensional electrongenhson current through a perfect wire is not renormalized
gas (2DEG) by lateral confinement the Rashba spin—orbity interactior?22* For tunnel contacts electron—electron in-
interaction is not reduced to a pure 1D HamiltonBi’  teraction in a wire renormalizes the barrier transparencies
= a(sqPxo;. As was shown in Ref. 8, the presence of an(kane_Fisher effe?), and for repulsive interaction the criti-
in-plane confinement potential qualitatively modifies the eng| current is strongly suppress&d.
ergy spectrum of the 1D electrons so that a dispersion asym- \we are interested in spin—orbit effects in a S—QW-S
metry appears. As a result, the chiral symmetry is broken ifynction. It is reasonable to expect that E6®. and (7) de-
quantum wires with Rashba coupling. Although the effectijyeq for a perfect junctiorfwithout normal backscattering
was showfi not to be numerically large, the breakdown of \yj| pe valid even for interacting electrons. One could expect
symmetry leads to qualitatively novel predictions. ~ also that in a tunneling regimé(< 1) the interaction effects
We have considered here the influence of dispersior, Egs.(13), (17), and(18) can be estimated by replacing the
a:}symn;]etry and Zeemgn spl}tting on the qo/sephson ‘éu”e'BTare transparenc by the interaction-renormalized offe
through a superconductor/quantum wire/superconduct K11 : . .
junction. We showed that the violation of chiral symmetry inoE@‘NiSD (tﬂ/eL)Lli cor(rztlaart?:f :;rsatmhgu\;\lr "Ijrt]h c;):at:'?uvmwrsviigg
a quantum wire results in qualitatively new effects in weak,

superconductivity. In particular, the interplay of the Zeemamformed in a 2DEG the Coulomb interaction is not strbng

. . . aﬂd it can be controlled by the gate electrodes. For weakly
and Rashba interactions induces a Josephson current throu% . : . .
teracting electronga conceivable case for “semiconduct-

the hybrid 1D structure even in the absence of any phase ", )
) Ing” QWs), when the electron picture of charge transport
difference between the superconductors. At low temperatur T 27 ) ;
rough a 1D wire is still valid! the interaction effects can
(T<hvg/L) the anomalous supercurrent can be of the order . L
- . . _actually be accounted for by replacing the bare transmission
of the critical Josephson current. For a transparent junction

with small or moderate dispersion asymmdiciaracterized coefficient by the renormalized one.

by the dimensionless parametex,=(vir—v2r)/(v1r The authors thank E. Bezuglyi, A. Kadigrobov, and V.
+vop)] it appears, as a function of the Zeeman splitting,  Shumeiko for fruitful discussions. This research is supported
abruptly atAz~#Avg/L. In alow-transparency{<1) junc-  py the Royal Swedish Academy of Sciend&8/A) and by
tion, the anomalous Josephson current under spé@ab- the Swedish Research CoundlYG, RIS). IVK acknowl-
nance conditions is of the order of/D. In zero magnetic edges the hospitality of the Department of Applied Physics,

field the anomalous supercurrent disappeassit should,  Chalmers University of Technology and @borg Univer-
since the spin—orbit interaction itself respects T-symmetrysity.

However, the influence of the spin—orbit interaction on the

critical Josephson current through a quasi-1D structure i% APPENDIX

still anomalous. Contrary to what holds for chiral invariant ™

systems with the Aharonov—Bohm geometry, where spin— We consider electron transport through a normal region

orbit effects suppress persistent currénthe breakdown of  of lengthL with a local scatterer placed a distarideom the

chiral symmetry results in an enhancement of the supercuteft bank, at poinik=1. In our two-channel chiral mod¢the

rent. term “chiral” here means that left- and right-moving par-
All the phenomena described above are absent in a 2Qticles with a given Fermi velocity have opposite spin polar-

junction when the effects of transverse mode quantization arizations; see Fig. )lbackscattering by a nonmagnetic impu-

neglected! We have considered the limiting case of a singlerity corresponds to a backward interchannel scattering

(transversg channel because this is the case for which thg**1"" <*2'"). In the presence of a magnetic field and in-

effects induced by a dispersion asymmetry in the electroterchannel scattering the generalX4 nonsymmetric

spectrum are most pronounced. The anomalous supercurreBtmatrix can be parametrized as follows:

(7) is a sign-alternating function of the transverse channel . .

index, since for neighboring channels the spin projections of__ Irlos expi(prt oapr) [tz expi(art o3mg) _

the chiral states are opposft&esides, the absolute value of |t|ogexpi(a +osn) |rloexpi(pL+ogu)
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The indirect exchange coupling between Fe and Tb layers through an Au layer exhibits
oscillatory behavior with respect to the thickness of the nonmagnetic metal. Different experimental
tools such as the polar magnetooptical Kerr effect, ferromagnetic resonance, and
magnetotransport were used to investigate Fe/Au/Tb trilayers with Au thickness varying from 0
to 3.5 nm, prepared in an MBE system. From the experimental data we reconstruct the
dynamics of the Fe and Th magnetic moments with increasing thickness of the Au interlayer and
show for the first time that there is a change of sign in the interaction between Fe and Tb,

which is observed experimentally. @004 American Institute of Physics.

[DOI: 10.1063/1.1739141

INTRODUCTION Fe/Au, Fe/Pd.Nonmagnetic layers adjacent to the ferromag-

Rare earth—transition metdRE—TM) alloys and com- netic Ia)_/ers becom% spin pollarlzed, and .these at(_ams d_evelop
magnetic moment3? As the interlayer thickness is varied,

pounds have been of fundamental and practical interest f%e exchange coupling of the magnetic layers is found to
many years. The presence of various exchange interactions

(RE-RE, TM—TM, RE—TM makes understanding of physi- vary in sign, osm!latmg k_)ereen gnuferromagnetlc and fer-
. romagnetic coupling. This is manifested, for example, as an
cal processes complicated, though on the other hand the

X . . stciIIation in the magnitude of the GMR effect with increas-
show the way to create new magnetic materials with nove

. . ing separation of the magnetic layéfs’
properties. There are well known examples of high-energy The authors of Refs. 12 and 13 investigated Co/X/Gd
permanent magnets created on the basis of RE@Gd mag- '

. . . multilayers with X=Pt, Cu, and Y, hoping to see oscillatory
netooptical media for rewriteable memory storage based OB . ! . .
RE—-CoFe amorphous films. The main feature of these arti_ehawor of the coupling. However, in contrast W't.h the re-

' sults for Gd/Y/Gd* and Co/Cu/Cd? where the oscillatory

ficial materials is the ferrimagnetic ordering, meaning thatlfehavior of the coupling is well known, no oscillation of the

the RE and TM magnetic sublattices are oriented antiparalle ;
coupling was found.

W't.h perpen@gular amso;r.opy and hgve a compensation Hoffmann and Scherschlichtis reported their study of Th
point at a definite composition. The major source of the per- : . ‘
. : : . . .~ and Fe multilayers separated by different nonmagnetic metal
pendicular magnetic anisotropy is known to be single-ion 16 .
. . . ; interlayers(Au, Ta, P}.™® It was shown that the net magnetic
anisotropy of the RE ion, which possesses an orbital angular : : L
. . . ' moment of this system oscillates weakly with interlayer
momentum: This is also valid for RE/TM multilayer films, : S . g
. ) : . " thickness, althouglthe indirect coupling did not show a
where an interface region gives the main contribution to the N
perpendicular anisotroy’ The exchange interaction in this change in sign
S : . In this article we describe measurements ofxPel/Th,
system is fairly complex: the magnetic moments of thie 3 . ;
. . . =0-35A, bi- and trilayers carefully grown under clean
shells of the TM atoms are thought to participate in the direc " X . .
. . . conditions in an MBE system, to investigate the effect of
interaction exchange, whereas the orbital moments of the

deep 4 shells of the RE atoms need mediation of the Con_mterlayer thickness. We show that oscillations of the net

duction electrons for their indirect exchary@he polariza- magnetic moment are seen in magnetooptical, magnetotrans-

. . T . rPort, and magnetic resonance measurements. Moreover, we
tion of conduction electrons as a result of spin interactio L . -

: : S ; demonstrate for the first time experimentally thHa indirect
with the TM sublattice also has a significant influence on theCou ling chanaes siawith interlaver thickness
exchange interaction in the RE sublattice, which is mani- pling 9 g Y '
fested, for example, in a steep rise of the Curie temperaturEXPERlMENTAL DETAILS
Tc for the Th—Fe alloy compared with theT. for pure
terbium® According to the RKKY (Ruderman—Kittel— Two sets of Fe/Au/Tb trilayers were prepared on quartz
Kasuda-Yosidamodel the polarization oscillates in strength and silicon substrates by electron-beam evaporation in an
and sign with increasing distance from the magnetic ion. MBE system having a background pressure of 1

Oscillatory interlayer coupling between ferromagnetic X 10~ ° Torr and a pressure of better thaw 10~ ° Torr dur-

metal layers separated by a nonmagnetic metal spacer hamy the film growth. To minimize interdiffusion of the layers

been observed in many systems: Fe/Cr, Fe/Cu, Fe/Al, Fe/Adhe substrate temperature during evaporation was kept near

1063-777X/2004/30(5)/6/$26.00 405 © 2004 American Institute of Physics
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0°C. The rate of evaporation did not exceed 0.4 A/s and was

controlled with a calibrated quartz crystal monitor. Samples E 6r .

on quartz substrates were protected with a 30 A thick layer o) ° ‘ D
of Al,O;, whereas samples on Si substrates were capped g / ' %//7//‘/}7//%%
with a 30 A Au layer. Polar magnetooptical Kerr effect 2 o N SIS
(PMOKE), ferromagnetic resonancé~MR), and magne- © / o o o %Fe/:!AAu/Tb\
totransport methods were used to characterize the films mag- 2 Y / m\./o Fe
netically. PMOKE was measured at room temperature using g ak /' v ; “ 4 °'°F°’“’

a 630 nm laser in an applied field up to 1.8 T perpendicular ° @ :20 =
to the film plane. The FMR was measured at room tempera- — 2 7R
ture by means of conventional modulation rf spectrometer at 0 5 10 15 20 25 30 35 40 45 50 55
9.41 GHz with an applied magnetic fie(dp to 0.7 T in the Au interlayer thickness, A

film plane. The extraordinary Hall effeCEHE) and magne- FIG. 1. Oscillation of PMOKE andle for FeAu/Tb il funcii

. . . _FIG. 1. Oscillation o angle for FeAu/Tb trilayers as a function
toresstancg&MR) of the trllayers Were mea,sured using stan of dp, (quartz substraje Top inset: Schematic diagram of trilayer. Bottom
dard teChmque_S- The requ”ed_ five eleCt_r|Ca| contacts Werfset: PMOKE loop for the trilayers compared with the con&fd Fe film.
made on the film samples using Ag paint, and the offseRrrows show the kink at a critical field,, where the susceptibility changes.
voltage in the Hall configuration was compensated in zerdotiom right quadgrant: Fe/Tb bilayer shows rectangular loop with perpen-
magnetic field. Hall voltagegin the range of millivolts for ~ dicular anisotropy
the film on the quartz substrate and a few tenths of a milli-

volt for those on the silicon substrateere measured, using ) _ ) , ,
(Periods of oscillations and antiferromagnetic coupling have

a 1 mA current with an applied field of 9 kOe perpendicula b 47 hi h ;
to the film plane, whereas the MR measurements were dor%i/e:uz:eszgrve or spacers thinner than 3-4 ML, e.g., for

with field both in plane and perpendicular to it. The thickness In Fia. 1 the PMOKE sianal q
of the individual layers, 3 monolayers for Fd{=3 ML) nrg. the PMO signal measure gt room tempera-
ture is plotted as a function of Au film thickness for Fe/

and 3 monolayers for Thdg,=3 ML), were chosen on the s i
basis of the previous experiments in which the ferrimagneti(ﬁA‘UITb trilayers (top inse}, prepared on a quartz sqbstrate.
ordering of Fe/Tb multilayers has been shoWilso it was For a free Fe !ayer we obseryed an unsaturated sigu
shown for the control films that the 3 Mt8 A Fe film is  ©M inse}, while the Fe/Tb bilayer showed a rectangular
ferromagnetic at room temperature, whereas the 3MI_|00p Wit,h perpgndiculari anisotroffy (right bottom quad-
—12 A Tb film is paramagnetic down to 5 ¥. rany. With the introduction 6a 1 ML spacer layer un

=3 A), the PMOKE loop showed that the magnetic mo-
ments of the Fe and Tb layers are no longer perpendicular to
the film plane. For trilayers with differerd,, we observed
very narrow loops with no remanence and with a kink,
Two periods of oscillation clearly showing two regions with different magnetic suscep-
tibilities. We suppose that the low-field susceptibility is a
measure of indirect exchange between Fe and Tb via Au. The
difference of the loops for the control Fe film witti,
=8 A and for trilayers shows that interaction between Fe

rated by a nonmagnetic spacer is better understadi 20 and Tb layers still exists. Fragments of the loop at magnetic

Information about the properties of this latter system can bfields above the kink show that the Fe magnetization is af-
prop y . fected by the Au. The PMOKE angle was taken at the kink

useful in understanding the nature of the coupling that is oint. The loop indicates the rotation of the maanetic mo-
being investigated here. It was shown that the amplitude opont. P 9

) . ments of the layers from the film plartat H=0) with in-
the _cogplmg strengtitexchange co_nsta)nand _the period (.)f creasing perpendicular magnetic field: the position of the
oscillations depend on the material and thickness of inter;. . )
. . kink (values of the PMOKE angle and magnetic fietscil-
layer, whereas the phase of the exchange coupling oscill

. : . fates adl,, increased. Oscillations of the Kerr angle with Au
tions depend upon the properties of the ferromagnetic layer%hickness having one clear period of ab&A and some
For noble-metal spacers theoretical works based on thleeature of the second period of 26 A are observed

RKKY model have predicted two oscillations of the inter- Oscillation of the magnetic moment as a function of Au

Iaygr coupling .W'th the spacer thlcknes.s, reflecting the tOpOfor thickness greater than 20 A was seen in sputtered multi-
logical properties of the Fermi surfaée:

layers of[ Fe/Au/Th];, by Hoffman and Scherschlicht.The
Jinted ) =1/07[ A, sin(27d/ A+ P )+ A, sin(27d/ first period(8 A, i.e., 2.8 ML) observed by us on trilayers
Ayt @,)] o) correlates well with that seen on multilayers. Interestingly, in
272 general we observed both periods for the Fe/Au/Tb system,
where J;(d) is the interlayer exchange energy as a func-that is 2.8 ML and 8.9 ML. These correlate well with the
tion of the spacer thickness A;, A, are the amplitudes and oscillation periods 2.5 and 8.6 ML, which were measured for
A1, A, are the periods of the energy oscillations. the Fe/Au/Fe systefd and also with the values of 2.5 and
The phases and the amplitude rafig/A, have been 8.6 ML extracted* from measurements of the Au Fermi sur-
found to depend critically on sample quality and ferromag-face. The facts that the feature of the second oscillation pe-
netic layer thickness. It is only for a few trilayers that two riod appears and also the high amplitude rafigna/A1 min.

RESULTS AND DISCUSSION

Understanding of the magnetic coupling via different
spacers between TM and RE laydiia ferromagnetic or
paramagnetic statés lacking. However, the phenomenon of
magnetic coupling for two TM ferromagnetic layers sepa-
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show that the growth conditions for the trilayers were good =
and the interface is sharp. The amplitude ratio of the ° o8
PMOKE angle A1 ma/AL min» SEEN in our work, which is pro- mC} FM P Ny F
portional to the net magnetic moment, is evaluated as 1.26— - 0 = =N e e e
1.33 for trilayers on the quartz substrate and 1.64 for the L“u AFM a
.- _ Maanetic field 1 1 L
silicon substrate. T 0.8 0 10 20 30
i i 06 AFM 4
The sign change of the coupling L % A/\ /g/v
Furthermore, we present direct evidence for the change g' 0.3r A, /QZV_V\Q/

in the sign of the coupling, alternating between ferromag- Trageicter © ¥ ~9=4"" b

o

netic and antiferromagnetic interaction. From studies of 0 10 20 30
RE—-TM amorphous alloy films it is known that the sign of g

the Hall resistivity changes at the compensation composition C‘. 0.03 Tb
due to the change in spin directi6i;?® meaning that either o i /o"’\ LN ==

the Fe or Thb magnetic moment dominates in the perpendicu- o 0 “4 ™ ‘e’ ‘e_e’ Tb

lar anisotropy. For Th/Fe multilayers with different layer ;-003 } Fe, ; ; H=—=fd8
thickness it was also shown that the Hall voltage dependence I_Iu_ ' 0O 5 10 15 20 25 30 35
is determined by the interfac@3°For Fe/Au/Tb trilayers the 0.8fF v

indirect exchange between Fe and Tb goes by means of po- °\°_ / \

larized conduction electrons of Au. Since the magnetic mo- g ok Y;v—v—v—vo“"“‘—e g
ments of Fe and Tb separated by a thin Au spacer come into ! . ! . L ! !
the film plane gradually as the thickness of the spacer layer 0 5 10 15 20 25 30 35
increases, at a small spacer thickness they make some angle Au interlayer thickness, A

W't_h the film plane, and hence Some perpend'CUIar eXChanglglG. 2. Extraordinary Hall effect resistivitya,0 and magnetoresistance
of indirectly coupled Fe and Tb still exists. Namely, polar- (b,¢) (perpendicular—white triangles; transverse—black triangles a
ized conduction electrons of Au become the main carriers ofunction of Au interlayer thickness. Samples on quartz substeat; sili-
this exchange. On the other hand, the Au layer has the loweSPn substratéc,d). The change of sign in the extraordinary Hall effect loops

| ical istivity in th il ’ died (22.0° O is shown at the left of panels a and b; the top “right” loop corresponds to
electrica rESIS.tIVIty in the trilayer studied (2« -m at positive values of EHE resistivity in panel a, the lower, “left” loop corre-
T=293 K against 1 and 12X 10° Q- m for Fe and Tb, sponds to the negative values in panel a. Inset in panel c: Schematic of the
respectivel?l). This means that magnetotransport methodsfe and Tb magnetization orientations as a result of coupling via the Au
particularly the extraordinary Hall effect, can be very infor- SPace"-
mative for these samples.

Magnetotransport data plotted in Fig. 2 for two sets of

trilayers, prepared on quartz and silicon substrdtesin-  maximum could be checked only for the second AFM state
crease the range of investigated spacer thicknesew os-  (d,,=15-20 A). The same trend of MR increase for the
cillations of the Hall reSiStiVity and magnetoresistalﬁNER) antipara||e| Coup”ng is seen at h|gher Au thicknéﬂm set
with Au thickness. The thickness of the Fe and Tb layers wagf samples prepared on the quartz substjates

kept the sametes8 A and 12 A, respectively, while the thick- Also the influence of substrate on the phase of oscilla-
ness of the Au layer was increased. We observed alternatfyns can be seen in a comparison of the two sets. One ob-
(“right” and “left” ) loops for the extraordinary Hall effect serves that Hall resistivity oscillations having the same peri-
for different interlayer thickness, showing a sign change ofods for the two sets of samples demonstrate some shift of
the interaction(Fig. 2). The Hall resistivity in Figs. 2a,c, phases(Figs. 2a,¢. It is quite plausible that the Fe layers
where an Au layer is interposed between Fe and Tb filmsiheing only 3 ML thick prepared on quartz and silicon sub-
also shows that the magnetic moments of Fe and Tb perpestrateswith different surface energigsare not the same and,

dicular to the film plane are no longer strong. This furtherhaving some structural differences, may affect the phase of
shows that the Au film presents an indirect interaction bethe exchange coupling oscillations.

tween Fe and Tb with some perpendicular component of
magnetization still remaining.

Also shown(Fig. 20 is the Hall resistivity for a bilayer
Fe(8 A)/Tb(12 A) without Au in between. It is apparent that
the positive(“right” ) EHE loops correspond to the parallel FMR is known to be one of the most powerful experi-
coupling, while the negativg“left” ) EHE loops are dis- mental techniques in the study of the magnetic properties of
played for the antiparallel arrangeméhigs. 2a,¢. The MR ultrathin films. The main advance for our case is the high
variation as a function of Au interlayer thickness in trans-sensitivity, providing detailed information about the mag-
verse and perpendicular geometries is plotted in Figs. 2b,dhetic and structural quality of thin films to monolayer thick-
Increase in the MR is observed at the periods of the EHEnesses; moreover, that resonance can spread to the paramag-
resistivity modulations, where the antiparallel coupling of Fenetic region-?
and Th magnetic moments occurs. This is apparent for the FMR data shown in Fig. 3 display oscillations of the
samples with low Au thicknes@he set of samples prepared resonance field with Au interlayer thickness for two sets of
on the Si substratgsAs the MR signal was very low, the MR trilayers, prepared on quartz and silicon substrates. Quartz

Ferromagnetic resonance
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FIG. 3. Resonance field$1(.9, obtained(with magnetic field up to 0.7 T,
applied in the film plane, and an rf frequency of 9.41 GHam FMR data,

plotted as a function of Au interlayer thickness for two sets of samples o
quartz(a) and on silicon(b) substrates. FMR signals as a function of mag-r‘:IG' 4. M¢q (@ and ¢ from FMR measurements arédl (b and d measured

netic field are also shown at the right, where the resonant fields are alslBy PMOKE f_qr trilayers with different Au thickness, prepared on quéatz
indicated in these figures. and b and silicon(c and d substrates.

Au interlayer thickness, A

w
and silicon were chosen from among the other insulating ;ZJH@S(HW@LMTME”) )

materials to be used as substrates because their FMR signals
do not overlap those from the trilayers. (wherew=2=f is the microwave frequency,=9.38 GHz,

TheH,soscillations also correlate well with magnetoop- y=gug/# is the gyromagnetic ratiay is the spectroscopic
tical and magnetotransport measurements. For the sets splitting factor, and: is Planck’s constantgive the effective
trilayers prepared on the quartz substrate one can see theagnetization 4M .4, which includes the input of perpen-
similar dependences for the PMOKE and FMR signals fordicular anisotropy due to the change of form factor and to the
da,>15 A, where the maxima of the Kerr angle adgare  growth anisotropy, as wellM s and ® measured by FMR
found at the same Au thicknesd,,=20, 26, and 35 A and PMOKE for the trilayers with different Au thickness,
(Figs. 1 and 3,a They correspond to AFM coupling for the prepared on the quartz and silicon substrates, are shown in
magnetotransport datdrig. 2,a. Samples prepared on the Fig. 4. Analysis of these data shows that for both sets of
silicon substrate demonstrate AFM coupling dit,=9 A samples up to the Au thicknest,<15 A the FMR and
(Figs. 2c and 3b PMOKE data dependences correlate, whereaat 15 A

The FMR signals as a function of magnetic field presenthe dependences are found to be in antiphase, i.e., the maxi-
the dynamics of magnetic moments in Fe/Au/Tb trilayers.mum of the one correlates with the minimum of the other.
The first FMR signal shown is for the control 8 A thick Fe This means thatl,,=15 A is some critical distance for
film (at the right in Fig. 3a For the 8 A Fe/12 A Tb bilayer strong coupling between Fe and Tb. Earlier in asvloauer
Hes is shifted to higher fields, indicating the appearance ofstudy of Fe/Th multilayers with different layer thickness it
PMA in bilayers due to the Fe—Tb interactifhintroduction ~ was shown that the radius of coupling between Fe and Tb is
of 1 ML of Au at the interface causes a significant decreasabout 7-15 &° Hence at interlayer thickness less than 15 A
of the resonance field compared to that of the 8Fe/12Th biboth direct(hybridization of the Fe and Tb bandand indi-
layer. NowH ¢ is almost the same as for the control Fe film. rect(RKKY ) interactions via the spacer exist, while at higher
With further increase of Au thickness the resonance fieldhickness only the indirect interaction occurs. The main fea-
decays, followed by its oscillation between ferromagneticture of the direct interaction between Fe and Th layers is the
and antiferromagnetic coupling. For the antiparallel couplingperpendicular anisotropy. When a spacer appears between
the shape of the FMR line is much wider than for the parallethem and grows in thickness the input of the direct interac-
ordering. The resonance fields are higher for samples preion gradually decreases while the input of indirect interac-
pared on the silicon substrate, again showing the influence dfon grows. Our data show that dj,>15 A the long-range
the substrate on the Fe lay&r. indirect interaction between Fe and Tb layers has the advan-

The experimental values &f,.s for the parallel orienta- tage. Under this condition the magnetic moment of the Fe
tion, substituted into the known Kittel equatin and the induced magnetic moment of the Tb are in the film
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plane, and measurements by experimental methods with difr ~2 or r =2 decay is expected for a ferromagnetic lgyer
ferent geometryFMR and PMOKE give opposite results.  This coupling feature is unique and needs further investiga-
tion.

Substrate effect CONCLUSIONS

Note that in the PMOKE dependence for the samples on N Summary, —carefully prepared Fe(3 Mipu/
the Si substratéFig. 4d), the sample withd,,=9 A, show- Th(3 ML) trilayers under clean conditions display oscilla-

ing AFM coupling in FMR and EHE, demonstrated a mini- ti_ons in the exchange interact_ion,_ which can be_ seen with

mum in PMOKE, contrary to samples on the quartz sy different methods of characterization. The experimental re-

strate. This can be explained by the substrate effect. sults correlate well with existing experimental and theoreti-
We did not use any seed layé.g., Ta, Ag, Cu, ett. cal data. For the first time it is shown experimentally that:

while preparing trilayers on Si substrates, as the latter might) Fe and Tb layers separated by a thin Au layer couple

affect the trilayer interactions. In general, by using two kinds their magnetic moments parallel or antiparallel for

of substrates and different experimental methods we got in- different Au thickness, i.ethe sign of the exchange

formation about the main features of the interactions and also interaction oscillates

about the substrate effect. (i)  EHE is a powerful tool for studying indirect exchange
Always the signal for samples on the Si substrate was coupling;

about one order of magnitude less than on the quartz. Thigji) at a spacer thickness within the radius of Fe—Tb cou-

shows that some amount of Fe did not participate in the pling (7-15 A) both short-and long-range exchange

coupling (because of the appearance of silicides at the Si/Fe interactions coexist, while at higher spacer thickness

interface® and the interaction did not give a significant per- the indirect interaction has the advantage;

pendicular anisotropy input. In other words, the Fe and Thiy) the substrate can affect the features and sign of the

moments were in-plan@r nearly s¢ for the Si substrate and coupling.

out-of-plane for the quartz. As a result, the PMOKE method, e are grateful to Jagadeesh S. Moodera, Francis Bitter
which is sensitive to the perpendicular input, showed a maxiMagnet Lab, MIT, Cambridge, Massachusetts, USA, for
mum for the samples on the quartz substrate and a minimurtimulating this work, to Tae Hee Kim for sample prepara-
for those on Si. tions, and to Geetha Berera for experimental assistance.
This work was supported by STCU Grant No. 1086.
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Resistive measurements were made to study the magnetic field-induced antiferrom@ifetic
weak ferromagneti¢WF) transition in the LaCuQ, single crystal. The magnetic fieldic

or pulsed was applied normally to the CyQayers. The transition manifested itself in a drastic
decrease of the resistance in critical fields of 5—7 T. The study is the first to display the
effect of the AF—WF transition on the conductivity of the,lCaiO, single crystal in the direction
parallel to the Cu@layers. The results provide support for the three-dimensional nature of
the hopping conduction of this layered oxide. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1739162

1. INTRODUCTION like change in the resistivi}.The critical field H, of the
transition is temperature dependent. It goes to zeroTfor
The transport and magnetic properties of cuprateapproachingly, but increases with decreasing temperature
La,CuQy, s have attracted considerable attention in the areand amounts to 5-6 T below 100 K. Hole doping of
of superconducting research. This is a parent compound fdra,CuQ,, leading to loweiTy, causes smallei; values as
one of the family of high-temperature superconductors, andvell (down to about 3 T at low temperature for samples with
study of its properties is considered to be important for elu-Ty about 100 K.°* Some magnetic transitions have also been
cidation of still unclear nature of superconductivity in cu- found for field applied parallel to theb plane’ In this case,
prates. Stoichiometric L&uUQ, (§=0) is an antiferromag- for field parallel to theb axis, a spin-flop transition was
netic (AF) insulator with a Nel temperaturd of about 320  found at a fieldH; of about 10 T, and a transition to the FM
K, but doping it with bivalent metal¢such as Sror with  state at a fieldd, of about 20 T. These transitions manifest
excess oxygend# 0) leads to destruction of the long-range themselves as weak kne@® jumps in the MR curves. It is
AF order and a decrease iRy (Ref. 1-3. A fairly high  believed that no magnetic transition should take place when

doping results in a transition to a metallic state. field is applied parallel to tha axis, which is perpendicular
The perovskite crystal lattice of L&uQ, is orthorhom-  to the st'aggerled momerft§. _ _
bic (below about 530 Kand consists of CuPlayers sepa- Doping with excess oxygen introduces charge carriers

rated by LaO, layers (the latter consisting of two buckled (holes in the CuQ planes. At small enougfé (<0.01),
La—O layer$2® In the Bmabspace group the CuQayers L&CuQ,. s remains insulating, althoughy is lowered
are perpendicular to theaxis and parallel to thab plane®  considerably:*° The excess oxygen atoms reside at intersti-
The CuQ octahedra are tilted in a staggered way; the tiltingtial Sites between La—O plan&sEach such excess atom is
is uniform in a givench plane. The AF state is strongly surrounded by a tetrahedron of apical oxygen atoms. For
connected with crystal lattice featurhe magnetic state is 'ayered cuprates, in which the Cu®lanes are the main
determined byd®Cl?* ions with spinS=0.5. In the Cu@ f:onducting units, a qqasi—ZD behavior is expecteq for the
planes, the magnetic structure is characterized by a simpl8-Plane transport. This has actually been found in many
two-dimensional2D) AF array with nearest neighbors hav- cuprate§’ but not in LgCuQ,+ 5. In this compound, the
ing antiparallel momentsDue to the above-mentioned tilt- MOt'S variable-range hoppin@/RH), with temperature de-
ing of the CuQ octahedra, the spins are canted 0.17° in thdendence of the resistance described by the expression

cb plane away from thé axis*® As a result, a weak ferro- T.\ 14
magnetic(FM) moment perpendicular to the Cy@lane ap- R~Rq exp( —) . D
pears in each layer. Belowy, the directions of the FM
moments in neighboring CyQplanes are opposite, so that is found**at low T for both the in-plandcurrentJ parallel
the system as a whole is a three-dimensid8&l) AF.> to the Cu@ planes and out-of-plane Jlic) transport. The
Application of high enough magnetic field along the fractional exponent of 1/4 in Eq1) corresponds to 3D sys-
axis causes a magnetic transition to a weak-ferromagnetiem (for 2D systems, it should be equal to 113At the same
(WF) state, in which all canted moments are aligned alongime, the hopping conduction in L&uQ,, ;s samples with
the field directior?. The transition is accompanied by a jump- fairly high crystal perfection shows considerable anisotropy,

1063-777X/2004/30(5)/6/$26.00 411 © 2004 American Institute of Physics
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so that the values d®, andT in Eq. (1) are different for the transitions from the paramagnetic to the FM or AF state in
in-plane and out-of-plane transport. The in-plane conductiveome metals, alloys, or even in some FM perovskite oxides,
ity oy, is found to be considerably higher than the out-of-such as mixed-valence manganités:* This is usually at-
plane conductivityo.. The ratio o,,/0 is strongly tem- tributed to a decrease in the scattering rate of quasi-free
perature dependent. It is minimébout 10 in the liquid- charge carriers on disordered local spins as a result of the
helium temperature range but increases dramatically witlabove-mentioned magnetic transitions. The situation is rather
temperature and saturates above 200 K to maximal values @ifferent in the case of insulating L&uGQ, . 5. Here the tran-
the order of 103518 sition to the 3D AF state produces hardly any noticeable
The 3D character of the VRH in LEuQ,, 5 testifies  change in the hopping conductivity & (apparently for the
that a hole transfer between Cu@® likely not only atJiic, ~ reason that 2D AF correlations in the Cuflanes persist up
but atJila, b, as well. In considering this question it is im- to temperatures far abovk, ; Refs. 1-3, while the transi-
portant to know the exact nature of the holes ipCa0,, 5. tion to the 3D WF state increases the conductivity enor-
Although about 17 years have passed since the discovery #fously. Since the VRH in L&uQ,, ; has a pronounced 3D
superconductivity in doped LEuUO,, 5, the nature of the character, it can be expected that the AF-WF transition
holes in it still cannot be considered completely clear. This invould manifest itself in resistivity in fielddlic not only for
turn makes it hard to gain insight into the nature of the cuthe transport current perpendicular to the Gu@anes, as
prate’s superconductivity. In the undoped state, the LuoWas found in Refs. 5, 29-31, but fo_r the in-plane hole trans-
planes present a lattice dPC?* (S=0.5) andp®0?~ (S  Portas well. In the present study this effect has been actually
=0) ions. Doping with excess oxygen caugtesensure neu- evealed, as described below.
trality) the appearance of additional holes in the planes. This
can be achieved in two ways) some of thed®Cl?" ions 2. EXPERIMENTAL
change into thed®Cu®* (S=0) state, or 2 some of the

A single-crystal LaCuQ, . s sample with dimensions of
in-plane oxygen iongp®0?~ change into thep®0!~ (S gy autits o b

- ) X 1.3X0.3X0.39 mm is investigated. This sample was studied
=0.5) state. In either case, the holes induce Stron_gslocaﬂreviously in Ref. 18, where it was indicated as sample No.
perturbations of the AF order. In the known literaftifé> 7 . T\=188 K. After that study, the sample was annealed
both kinds of holes have been taken into account in theoretédditionally in an oxygen atmosphere (700°C, 5.5 dldys

ical models of fundamental properties of the cuprates. Therg,o hope that oxygen contefihat is, §) would be increased.
is much speculation, however, that holes inCa0,, s have |t ymed out, however, that the thermal treatment caused
a strong oxygen characte¥,?*and this view has strong ex- only a slight decrease iy (down to 182 K and in the
perimental suppoft**“°At the same time, due to the over- yegistivity. TheT, value was determined from magnetic sus-
lapping of thed andp orbitals and hybridization of the and ceptibility measurements.
p bands, thed orbitals exert a significant influence on the The crystallographic orientation of the sample was de-
hole motion. termined from an x-ray diffraction study. This reveals that
According to Ref. 21, owing to the special the charactelthe sample has a quantity of twins, which inevitably appear
of the excess oxygen as interstitial atdmsvith weak in La,Cu0, ., , crystals when cooled through tetragonal-to-
oxygen—oxygen bonding, the holes can be delocalized fromyrthorhombic structural transition @t~530 K.2 As a result,
the CuQ planes onto the apical O atoms, i.e., into they peculiar domain structure is developed. The orientation of
La,O;., 5 region between adjacent Cu@lanes. This assures thec axis is the same in each domain, but the orientations of
the 3D nature of the VRH in L&u0,, 5. In this way the  thea andb axes are switche(br reverselin a fixed way
La,CuQy, 5 system differs drastically from the Sr-doped sys-petween two possible orientations upon crossing the domain
tem, where the holes remain quasi-two-dimensional. In facttwin) boundaries. In this connection, although in what fol-
the ratioo,p/ o in lightly doped La_,Sr,CuQ, crystals of  |ows we will speak conventionally aboator b directions of
good quality can be as high as several thousand. transport current in the sample studied, they should, first of
In this communication we report the results of a study ofall, be taken as two mutually perpendicular in-plane current
the AF—WF transition by magnetoresistar{éR) measure-  directions in the twinned crystal. In a heavily twinned crystal
ments in a LaCuQ,, ; single crystal. In the known previous no significant anisotropy in the in-plane conductivity can be
studies*®~*!the MR investigations of the AF—WF transition expected, even assuming that some intrinsic conductivity an-
in La,CuQ,, s were done for the case when both the mag-isotropy within the Cu@ planes is present. In the present
netic field and transport current are perpendicular to thetudy, however, pronounced anisotropy in the conductivity
CuG, planes(i.e., Hllc and Jiic). Under these conditions a (and rather significant anisotropy in the M found for
rather sharp decrease in the resistance has been found as these two in-plane directions. This matter will be touched
critical field H, was approached from below. The amplitude upon in the next Section of this paper. In contrast, we can
of the relative change in resistanckR/R,,, whereR, isthe  speak about the directions in the sample studied without
resistance in the AF statelue to the AF—WF transition de- any reservation or possible misunderstanding.
pends on temperature. It is maximal in the range 20—-30 K, In this study, the dc resistance in the directions parallel
where it can amount to 0.30-0.50 in fairly perfectto CuQ, planes was measured by the Montgomery meffiod,
crystals> /2931 which is appropriate for systems with a pronounced anisot-
It is known that the enhancement of spin order usuallyropy of the conductivity. Contacts between the measuring
leads to a decrease in resistivity of metallic systems. Fowires and the sample were made using a conducting silver
example, a considerable decrease in resistivity can occur giaste. The measurements were done in fitld in a helium
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FIG. 2. The temperature dependence of the resistpjtyf single-crystal
FIG. 1. The temperature dependence of the resistpwjtyf single-crystal La,Cu0,, s measured for transport current equal taA. The current was
La,CuQ,, s measured at different values of transport current. In all cases thelirected parallel to the crystallographic asisThe inset shows temperature
current was directed parallel to the crystallographic axifhe dependences behavior of the ratio of the resistivitigs, and p, for measuring currents
are presented as lgg versusT 4, directed along the crystallographic axesnda.

sible reason for this behavior is suggested: the presence of
cryostat with a superconducting solenoid. Although thesuperconducting inclusions in the insulating sample due to
maximum field in the cryostdabout 6 T has appeared to be phase separation in LE&uQ, ., 5.
quite sufficient in most cases to reveal manifestations of the The magnetic structure of L&uQ,, s, according to
AF—WF transition in the MR of the sample studied, a some-neutron diffraction dat&;" is anisotropic for all three ortho-
what higher field is needed to study the transition more thorrhombic axes. The same can be expected, therefore, for
oughly, especially for the study of hysteretic phenomena irtransport and magnetic properties. In the presence of twins,
theR(H) curves in the vicinity of the critical fieltH..>?°=3!  however, the measured transport and magnetic properties
This hysteretic behavior is considered as an indication of a
first-order transition. For this reason, a part of the dc resis-

tance measurements in this study were done in pulsed mag- 0.04f J|la 0.1 pA
netic field with amplitude up to 15 T. The nearly sinusoidal =)
pulse has a duration about 33 ms, during which the field is E 0.02 Mw/_/:
swept from zero to a maximum amplitude and back to zero. i 0 e Sy nA
For these measurements a fi¢ltlc and transport currents % 10 pA
Jic and Jla were used. The rate of variations in magnetic -0.02
field was up to 18 T/s. Other essential details of the pulse -0.04}
measuring technique employed can be found in Ref. 36.
-0.06

3. RESULTS AND DISCUSSION 0

The temperature dependences of the resistitynea- -0.02
sured along tha axis (Jlla) is shown in Fig. 1 for different —_0.04
magnitudes of the measuring current. It is seen thap({fg o
behavior is essentially independent of the current in the §-0.06
whole measuring temperature range, 42 K< 300 K, for 5—0 08
current magnitude less than abouA,; that is, Ohm’s law % )
holds in this case. For better consideration, one of these -0.10
Ohmic p(T) curves(at J=1 uA) is presented separately in -0.12 . A ! . L :
Fig. 2. It can be seen that Mott's lajeq. (1)] is obeyed 0 1 2 3 4 5 6
fairly well in the range 20 KKT=<200 K. In the rangeT H T

<20 K, a steepdras compared to Eql)] increase irR with

decreasing temperature is found. This deviation from Mott'd'C: 3. Magnetoresistance curvesTat 5 and 20 K measured for single-
crystal LgCuQ,, 5 in an out-of-plane dc magnetic fieldH(c) for different

law at low tempera_tur(_a is rather typical for dGuQ, s and  amplitudes of the measuring current, directed along the crystallographic
was observed earlier in Refs. 14 and 31. In Ref. 14, a posaxisa.
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FIG. 4. Magnetoresistance curves at various fixed temperatures measurgql; 5 \agnetoresistance curves at various fixed temperatures measured

for single-crystal LaCuGQ, , 5 in an out-of-plane dc magnetic fieléH(c) for for sin . e
; ) - ; gle-crystal LaCuGQy, 5 in an out-of-plane dc magnetic fieltH(c) for
measuring current100 A) directed along the crystallographic axis measuring currentl00 ;L‘X)édirected along the crystallographic atis

usually show quite definite anisotropy solely for directionsrent, especially at low temperature. The upper panel of Fig. 3
parallel and perpendicular to the Cu@lanes. Recently, in presents the MR curves recordedlat 5 K for the casellla.
untwinned LaCuGQ,, s crystals, a clear in-plane anisotropy It can be seen that for low currentthat is in the Ohmic
of the magnetic susceptibility was found®’ A similar phe-  regime the MR is positive, but for high enough currents
nomenon may be expected in the transport properties dfJ=1 uwA) the MR becomes negative and increases strongly
La,CuQy,, s samples without twins. aboveH=5T. Positive MR was observed only at low tem-
In a sample with multiple twins, no considerable in- perature T<20 K) for both the in-plane current directions
plane anisotropy could be expected. However, the measuradgsed, Jla and JlIb. At fairly high temperature,T=20 K,
ratio p,/p, in the sample studietsee inset in Fig. Preveals  only negative MR is observed, which increases profoundly
a rather distinct anisotropy. The ratio is close to unityTat aboveH=5T, as well (lower panel of Fig. 8 We have
~11-12 K, but it increases with temperature and ap-attributed this rather sharp increase to an influence of the
proaches value of about 3 at room temperature. A similaAF—WF transition, as will be discussed in more detail below.
behavior was found in a previously studied sample with aAs to the positive MR at low temperaturd €20 K), this
somewhat higheT~ 188 K. Thea—b anisotropic behav- could be attributed to the presence of superconducting inclu-
ior of the conductivity in a twinned sampl@ the case that sions due to phase separation, as was mentioned above. For
the conductivitiesr, and o, are inherently differentcan be  example, in Ref. 38, positive MR attributed to superconduct-
observed only wherirst, the existing twins are few in num- ing inclusions has been found in the low-temperature range
ber (so that the measured resistivity is not properly averagedT<10 K) in even more resistive L&uQ,, 5 with higher
between the two possible crystal orientatiprad,seconda Ty .
given current direction is really parallel to thdor b) axis in For all of the temperature range in which the MR was
most of the crystal. The results of this study therefore givemeasured in this study (4.2€KT=<90 K), the MR magni-
evidence that the intrinsic conductivity anisotropy in thetude is strongly dependent on the measuring curtastil-
CuG, planes of LaCu(Qy, s is quite credible. lustrated by Fig. 8 For this reason, to compare MR curves
We found that the MR behavior of the sample studiedwith an evident effect of AF—WF transition at different tem-
depends significantly on the magnitude of the measuring cuperatures we have used only data for rather high currents,
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FIG. 6. Magnetoresistance curves registered for single-crystu@,,; G 7 Magnetoresistance curves registered for single-crystalu@, , ;
in an out-of-plane pulsed magnetic fieldI(c) at T=4.2 K for the in-plane I the out-of-plane pulsed magnetic fieldl(c) at T=77 K for the in-plane

and out-of-plane current directiondlié andJic) with current magnitudes of ~ and out-of-plane current directiondli@ and Jiic) with current magnitudes
6 uA and 7.4uA, respectively. 5.93 mA and 178A, respectively.

that is, for the non-Ohmic conduction regime. Some ex-with decreasing temperature and is more pronounced for the
amples of the MR curves &ilic for the casedllla andJlb  a direction of the measuring current. It is found as well that
and currentJ=100 nA are shown in Figs. 4 and 5 for cer- the negative MR at low field increases with current magni-
tain selected temperatures. It is obvious from the curves thatide (Fig. 3) and, therefore, with an applied voltage, so it is
a rather sharp decrease in resistance occurs Wherceeds much more pronounced in the non-Ohmic regime of hopping
some critical magnitudén the range 5—6 JT All main fea-  conductivity (compare Figs. 1 and)3In previous studies,
tures of this resistive transition are quite identical to thosenegative MR in the AF LgCuQ,, 5 for the case of both the
found in the MR behavior of L&uG,, s at the AF—WF  current and field parallel to CyQvas found and discussed to
transition for the caseéllic, and the out-of-plane current di- a certain degre&*®The nature of the negative MR in rather
rection Jlic), when mainly interplane hopping is affected by low field Hllc andJlla, b revealed in this work remains un-
the transitior?®%° The results obtained show that the clear and is worthy of additional study.
AF-WEF transition influences hopping conduction in the di- It is evident from Figs. 4 and 5 that the maximal dc field
rections parallel to Cu@planes as well. This effect, al- of about 6 T used for these measurements is not high enough
though anticipatedas is indicated aboyehad never been to accomplish the magnetic transition in full measure. To
seen previously in L&CuQy, 5, to our knowledge. overcome this disadvantage, measurements were done in
The following features of the resistive transition can bepulsed magnetic field with magnitude up to 15 T. The MR
pointed out. First, the transition is sharper and the relativeurves were recorded at temperatures4.2, 20.4, and 77 K
changes in resistancAR/R,, are larger for thé direction  for both the in-plane and out-of-plane directions of the trans-
of the transport current than for thee direction (compare port current. Examples of MR curves for pulsed fieldTat
Figs. 4 and % Second, the MR curves are hysteretic in the=4.2 and 77 K are shown in Figs. 6 and 7.
field range of the transition, as expected. The hysteresis be- The pulsed MR measurements enabled us to see the
comes more pronounced for decreasing temperature. The latiagnetic transitions in full measure. The MR curves for the
ter feature of the MR curves is quite consistent with thatlow-temperature region were found to be quite similar for
found previously at the AF—WF transition falic.>?*=3!  both methodg$compare Figs. 4 and)6lt is also seen that the
Third, a considerable negative MR in the low-field rangeresistive transition for the out-of-plane current direction is
below the magnetic transition can be obser(es. 4 and sharper, and the relative changes in resistané¥R,,, are
5). This contribution to the total MR is not hysteretic and, generally larger than those for the in-plane direction. The
maybe, has little if any relationship to the magnetic transi-MR curves in pulsed magnetic field &= 77 K are less hys-
tion. For a given currentfor example, fordJ=100 uA, as in  teretic than those al=4.2 K, as expectedFig. 7). The
Figs. 4 and bthe contribution of this type of MR increases maximum values ofAR/R,~50% found in this study for
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It is shown that in the resonance scattering of electrons on donor impurities of transition
elements in semiconductors there is a contribution to the spin susceptibility from the electron
density localized at the impurities. The Curie constant due to this has an unusual

dependence on the impurity concentration. An expression for the spin susceptibility of resonantly
scattered electrons is obtained in the Friedel approach. The experimental data obtained on
mercury selenide containing iron impurities confirm the theoretical results and permit
determination of the effective spin of the resonance stat€2084 American Institute of Physics.
[DOI: 10.1063/1.1739163

Impurities of transition elements in semiconductors atthe theory of resonance scattering and the Friedel sum rule
low concentrations can possess donor energy levels that fglermits a simple explanation of the observed concentration
in the conduction band. In such a case the behavior of thand temperature anomalies of the mobifity.
electron mobility manifests certain features that are typical of  In the development of models permitting a consistent
gapless semiconductors. Mercury selenide containing irodescription of the evidence of the interaction of electrons
impurities has attracted much attention in connection withwith transition-element impurities, the study of the magnetic
the observation of such effects, and the results of that resusceptibility of the system of impurity ions is of consider-
search are reflected in several review artitlé$he features able importance. For mercury selenide containing iron impu-
that arise have their origin in the fact that the interaction ofrities there is a vast amount of experimental data on the
conduction electrons with impurity ions at energies close tasusceptibility, but a number of the observed regularities have
the donor level energyy has a resonance character. Reso-not been given adequate theoretical analysis. In particular, a
nance phenomena at low temperatures become noticealij@antitative description of the unusual concentration depen-
when, with increasing impurity concentration, the Fermi en-dence of the Curie constdrthas not been given. Thus it
ergy reaches the energy,. Upon further increase of the remains a topical problem to treat theoretically the suscepti-
impurity concentration the Fermi energy and the electrormility of localized spins of resonance donor impurities. In
density stabilize, i.e., remain nearly unchanged as the nunthis report we propose a simple solution of this problem in
ber of impurities is increased. It is in this region of stabili- the framework of the resonance scattering theory and the
zation of the electron density that one observes the anomalidgiedel approach. The experimental data we have obtained
of the electron mobility considered here: a maximum in theon the temperature dependence of the susceptibility of local-
concentration dependence and a characteristic dependenceined moments in mercury selenide containing iron impurities
temperaturé:? To explain the rise of the mobility with are presented, and their agreement with the proposed theo-
growth of the impurity concentration given the known pres-retical predictions is demonstrated for certain parameter val-
ence of resonance scattering, which suppresses the mobilityes which are consistent with the existing ideas. The avail-
a model based on the assumption that ordering of the impuable data on the field dependence and quantum oscillations
rity ions occurs is widely usetiHowever, it has been shodin  of the susceptibility are also discussed in relationship to the
that the concentration maximum of the mobility can be ex-behavior of the amplitudes of the de Haas—van Alphen and
plained in the framework of the known theory of mobility in Shubnikov—de Haas oscillations.
the presence of scattering on ions if it is taken into account Let us start by considering the influence on the density
that under conditions of stabilization of the electron densityof states of the resonance scattering of electrons with a given
the effective charge of each of the ions decreases as theslue of the energy. If singly ionized donor impurities with
increase in number. The use of a general approach based oancentrationn; have a resonance energy, then, corre-
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sponding to the resonance is a certain contribution to thebtained by simplifying the result of the electron liquid

density of states in the form of the function theory, retaining the description of the role of the electron—
electron interaction on a qualitative level. Considering only

A 24 A2171 th tibility of the localized elect i d
nig(g):?[(s_gd) +A%]7L (1) e susceptibility of the localized electrons, in accordance

with what we have said, we write it in the form
whereA is the width of the resonance, which is small com- — W2yl (14 ) ®)
pared toey. This resonance function appears in the expres- Xd=H vn),

sion for the spin susceptibility of the electron density local-yhere the parameter describes the exchange interaction of
ized at impurities via an integral that we introduce asthe electrons in the states localized on impurities, ard

follows: contains factors reflecting the role of the interaction between
df(e) electrons in localized and conducting states and also the dif-
n= —2nif de g(e) ds ference of the effective spin of a localized state from the spin
of a free electron. If the ionized donor does not have spin
de g(e) (S=0), then the following simple formula is valid fq?:
=2n, f 4KT cosH[ (s — ep)I2KT]’ @

p?= 51+ e = 4ud((SH3)(1+ ), S=0,  (9)
wheref(e) is the Fermi functiongg is the Fermi energyT ) ) )
is the temperature, arklis Boltzmann's constant. The inte- Where wg is the Bohr magnetonyeq is the coupling con-
gral in formula(2) should be extended to an interval with a Stant, and(s?)=s(s+1)=3/4. For a more realistic case,
width of the order ofA in the vicinity of the energy 4 within ~ When the ion spir§ is nonzero, we generalize the second
which formula(1) remains valid. The character of the depen-&Xpression in equatiof®) by introducing the spirsg of the
dence ofy on temperature and impurity concentration is de-localized state:
termined by the value of the ener@y in relation toA and o 2,02
of e in relation toe4. We shall assume that all the electrons ~ * = 4uo((Sa)/3)(1+ thed), S>0. (10
originate from the QOnors in_quc_estion and that their densi'Fy ISThe value Of<s§> is a parameter of the completely filled
such that the Fermi energy is higher than Then the Fermi  ocajized state, which for the impurity as a whole is close to
energy changes little as the donor concentration is increasgfle state of the un-ionized donor. Here, if in addition to the
further, and the conduction electron densiy(er) remains  gjin S of the ionized impurity the spis, of the un-ionized

close to the valugy=ne(eq). It is at such concentrations jmpyrity is also known, then one can determieby using
that the electron density, in addition to the conducting elecy sym rule. For example, f@,<S we set

tron fraction, contains the part under discussion, consisting

of electrons localized at resonance donor impurities, which  (s3)=(S?)—(S2)=S(S+1)—S,(S,+1). (11)
gives a contribution to the electron density equal to

Then at smally.q the value of u? will be known rather
exactly. In the more complicated situations, when the pro-

wherez is the occupation number of the localized states: Posed method of determining the effective moment is inap-
plicable, it remains, on the whole, a phenomenological pa-

niz=n;—ng, 3

2= [ degletie). (4 rameter .
The expressiong6) and (7) given above enable one to
In the ground state one can writein the form write the following formula for the susceptibility at low and
high temperatures:
1 1 Ep— &y
XdTA F gn, siré(mng/n;) T<alk, (12)
Relation (3) is then an equation for determining the Fermi ! : o
energy in the resonance inter\kaL—sd|$A. 'Here it is easy #2(n—ng)
to find the density of states with the Fermi energy, anis T>A/K, (13

D e ——
then equal to KT+ (i = No)

where A;=mA/2. The main qualitative feature of the sus-
, T=0. (6) ceptibility described by these formulas consists in the char-
acteristic unusual concentration dependences which reflect
If the temperature is substantially higher thark, then we the stabilization of the electron density in the presence of
can take the limit of the exponential functions appearing inresonance scattering on donor impurities. It is manifested in
the Fermi function in expression®) and (4), and we then terms containing the limiting density, both in the suscep-
get tibility without the interaction taken into account and in the
_ _ parameters that characterize the exchange coupling in the
=20 KT=(n=no)/kT, T>A/k. @ localized states. It is also important that the theory confirms
Formulas(6) and(7) provide a basis for a simple analysis of that the susceptibility of resonance donor states at high tem-
the spin susceptibility of donor impurities. peratures obeys the Curie—Weiss law. The susceptibility
Let us take as the initial form of the expression for theunder discussion appears in the total magnetic susceptibility
spin susceptibility of the electrons the well-known equationof the crystal, which contains a contribution from the local-

2n; [ mng
ﬁ_znig(SF)_W_AS"—F(n_i
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FIG. 2. Dependence of the Curie constant in the magnetic susceptibility of

FIG. 1. Temperature dependence of the magnetic susceptibility of mercury’€ 10calized moments on iron impurities in mercury selenide versus the
selenide containing iron impurities. The impurity concentration is concentration of the iron impuritie€, is the value of the Curie constant for

1x10*° cm™3. NEe=Ng .

that one of the main inferences of the proposed theory is in
ized moments of the ionized impuritiegs, which also  complete agreement with the experimental data. As to the
obeys the Curie law, and the weakly temperature-depender¢mperature dependence of the forfm{(6#) ~* predicted by
susceptibilityx° of the matrix. the theory, the results of a processing of the available data

The experimental data discussed below in connectioshow that noticeable values @f can be revealed only for

with the proposed theoretical results were obtained by us ohigh impurity concentrations exceeding the resonance value
crystals of mercury selenide containing iron impurities.by one or two orders of magnitude; this result agrees with the
Some of the data were reported previously in conferencelata of Ref. 7. At such concentrations the application of the
proceeding®® and in a journal articlé, and information  theory proposed here can hardly be justified.
about the experimental techniques can be found in those Data from experiments on quantum oscillations of the
places. The measurements were made on a set of sampkagsceptibility and conductivity in a magnetic field can also
with iron concentrations in the interval from #0to  be of substantial importance for the development of the ideas
10?* cm™3. On that same set of samples we studied the conef the effects of resonance scattering of electrons. Our stud-
centration and temperature dependences of the electron migs of the de Haas—van Alphen effect, the first results of
bility and showed that the anomalies observed in them are inhich were reported previousfywere devoted to establish-
good agreement with the theoretical results obtained on thiag the correlation between the concentration dependence of
basis of resonance scattering theory and the Friedel aphe amplitudes of the magnetoresistance and susceptibility
proach. In the present paper we have also focused our atteoscillations. It was found that the Dingle temperature of the
tion on the analysis of those experimental data which permituantum oscillations has a minimum in the same region of
verification of the conclusions of the theory mentioned.concentrations in which the electron mobility has a maxi-
Moreover, the results pertaining to the temperature depermum. In this case the values of the Dingle temperature in the
dence of the susceptibility of the localized moments are alsgusceptibility oscillations are significantly lower. However,
of interest in this regard. In all the samples studied the confor obtaining more complete quantitative results in this circle
tributions to the susceptibility from the iron impurities are of problems a detailed study of the shape of the oscillations
distinct, and their temperature dependence obeys the Curigith allowance for the spin splitting and other factors is re-
law (Fig. 1). A detailed processing of the data on the concenquired.

tration dependence of the Curie constéfig. 2) in the sus- This study was supported by the Russian Foundation for

ceptibility x3+ x4 showed that it conforms well to a depen- Basic Research, Grant No. 03-02-16246 and the Russian—

dence of the form American Program BRHE, Grant EK-005-0REC-005.
Cnge=CoNpet 6C(NEe— o), (14
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whereng, is the concentration of iron impuritiesy, is the @imp
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It is suggested that extrinsic inhomogeneities in mixed-valence manganites deserve more
attention and that they should be taken into account on equal footing with the hypothetical phase
separation when examinating experimental data and developing theoretical models for the
influence of stoichiometric and other types of inhomogeneities on the properties of these and other
transition-metal oxides. €004 American Institute of Physic§DOI: 10.1063/1.1739164

The structural, magnetic, and electron transport properities are inevitably present in all manganitesen in single-
ties of mixed-valence manganites of the type FA,MnO;  crystal samplés Extrinsic inhomogeneities arise due to vari-
(where R is a rare-earth element and A is a divalent alkalinesus technological factors in the sample preparation. They can
earth elementhave attracted much attention in the scientificcause inhomogeneity in the chemical compositiinst of all
community in the last decadsee reviews 9. That interest  in the oxygen contetstructural inhomogeneitigpolycrys-
has been stimulated by the observation of huge negativlline or even granular structyrestrain inhomogeneities,
magnetoresistancéViR) near the Curie temperatuie. of  and so on. It is easy to find in the literature numerous experi-
the paramagnetic—ferromagnetic transition for manganitemental studies in which the finding of phase separation ef-
with 0.2<x=<0.5. This phenomenon has been called “colos-fects is proclaimed, but the interpretations are often doubtful.
sal” magnetoresistancdeCMR) and is expected to be used in In such cases the effects of technological inhomogeneities
advanced technology. The unique properties of mixedare quite obvious or, at least, can not be ruled out. In some
valence manganites are determined by complex spin, chargeases the magnetic inhomogeneities, induced by extrinsic
and orbital ordered phases, and are therefore of great fundaauses, can depend significantly on temperature, pressure,
mental interest for the physics of strongly correlated elecand magnetic field as well, and their apparent influence on
trons. At the present time it is believed that one of the keythe magnetic and transport properties of mixed-valence man-
feature of manganites is their intrinsic inhomogeneities in theganites may agree generally with that predicted by some of
form of coexisting competing ferromagnetic and the numerous phase-separation theoretical models. It should
antiferromagnetic/ paramagnetic pha3&§.This phenom- be noted, however, that a quantitative comparison of the
enon is generally called “phase separation.” In Refs. 3 and 6known models with experiment is practically impossibbe
theoretical computational models were developed for twds too ambiguous
cases: 1 electronic phase separation, which implies nano-  Consider briefly the main sources of extrinsic inhomo-
cluster coexistence; )2disorder-driven phase separation, geneities. Mixed-valence manganites are complex
which leads to rather largenicrometer sizecoexisting clus-  perovskite-like oxides consisting of at least four elements.
ters. Existence of the nanoscale as well as micrometer-siZBheir properties are very sensitive to crystal imperfections,
inhomogeneities in manganites has been corroborated erspecially to the structural, composition and other types of
perimentally(see Refs. 3, 4, and 6 and references theérein inhomogeneity in the crystal lattice. The crystal perfection
Some other examples of the phase-separation models can @d corresponding level of inhomogengitydepends
found in Refs. 4 and 7—1(@&ctually, there is a vast literature strongly on the method of preparation, and on preparation
on the subject, but it cannot be cited more fully in this briefconditions for the given method. In rough outline, the fol-
communicatioh On this basis it is hoped that the transportlowing methods of manganite growth are usegttin film
and magnetoresistive properti@scluding CMR of manga-  growth (mostly with the pulsed-laser deposition metha)
nites can be explained with the phase separation effects takawolid-state reaction method) 8oating zone method.
into account. Thin manganite films can be prepared in highly oriented

In spite of enormous theoretical and experimental activ-or even single-crystal epitaxial form with a fairly perfect
ity in the area of phase separation in manganites, many queskystal lattice. The highest values of the magnetoresistance
tions (sometimes rather simple and ngivemain open. In- have been observed in thin films. But it should be taken into
trinsic inhomogeneities are believed to arise foraccount that films are always in an inhomogeneous strained
thermodynamic reasons, so that relative fraction of competstate due to inevitable substrate-film lattice interaction,
ing phases should depend on temperature, pressure, amdhich, as a rule, induces considerable magnetic and magne-
magnetic field. The known experimental studies give numertoresistance anisotropy.Due to the strained state, some
ous (though predominantly indirecindications of structural other film propertiegamong other things, the value @t)
and magnetic inhomogeneities in manganites, but are they ican be quite different from those of bulk materials.
all cases intrinsic? The point is that extrinsic inhomogene- Consider some examples of extrinsic inhomogeneities in
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films. A comprehensive and thorough studipy high- these limits. More powerful, but much more expensive meth-
resolution electron microscoph? of epitaxial  ods, like neutron diffraction or small-angle neutron scatter-
La; ,CaMnO; (x~0.3-0.35) films grown on SrTipsub-  ing, are not in common use, but even those methods have
strates has revealed that close to the substrate a perfectlyeir limits of accuracy. Since the properties of manganites
coherent strained layer is formed, above which crystal blocksire very sensitive to chemical composition and, therefore, to
with columnar structure grow; these blocks and the boundargtoichiometric disorder, it is not surprising to find in the lit-
regions between them accomodate the lattice mismatch berature quite different properties of manganites of the same
tween substrate and film. The boundary regions betweenominal composition, prepared by the SSR method. In spite
blocks (domain$ are nonstoichiometric, having deficiencies of the unavoidable technological inhomogeneity, the SSR
of oxygen and lanthanum. Similar results are reported in Refinethod is in common use for preparation of mixed-valence
13, where secondary-phase nonstoichiometric rods wermmanganites of various composition. The reason is that the
found in La /Ca ;MnO; films grown on LaAIQ and SrTiQ  SSR method appears to be not very sophisticéetbast, at
substrates. The films have a domain structure, in which thérst glance and does not require expensive equipment. With
rods are believed to be responsible for relieving stress duringroper experience and rather hard work it is possible to ob-
film growth. Magnetic force microscopy study of pulsed- tain polycrystalline samples of rather good quality, with
laser-deposited La,Sr,MnO; (x=0.23 and 0.3 films'*  sharp resistive and magnetic transitions. For example, a gen-
have revealed local FM regions at temperatures abovéghe erally recognized phase diagram for the system
of the film. These regions with high@i. were found around La; _,CaMnO; has been obtained for SSR polycrystalline
the grain boundaries and attributed to local variation of thespecimens.
strain in the film. The above examples show that even epi- It is easy to find in the literature hundreds of papers
taxial films prepared under optimal conditions have inhomo-devoted to film or bulk ceramic manganites, but far fewer
geneous strains and a local nonstoichiometry that can play studies concern single-crystal samples. The obvious reason is
significant role in the transport and magnetoresistive properthat it is not so easy to prepare manganite single crystals. But
ties of thin films. even single crystals prepared by the floating zone method are
The solid-state reactiof6SR technique enables prepar- not free from defects and extrinsic inhomogeneities. In real-
ing ceramic or polycrystalline samples. The crystal qualityity, they have mosaic blocks, twins, inhomogeneous strains,
(and, therefore, the resistive, magnetoresistive, and magnetimd stoichiometric disordéf 18
propertie$ of the SSR samples depends in a crucial way on  The experimental data therefore show that technological
the preparation conditions, especially on sintering and aninhomogeneities are unavoidable for any preparation
nealing temperature. In samples prepared with optimal sinmethod, and they can actually be called “intrinsic” as well.
tering temperature, fairly sharp resistive and magnetic tranFor this reason(i) in many cases it is better to speak about
sitions near T are observed, whereas quite different multiphase coexistence instead of phase separafiorthe
resistive and magnetization behavior is seen for samples wittechnological inhomogeneities should be directly taken into
the same nominal composition but prepared at lowaccountin new theoretical models. The latter demand derives
temperaturé® This is to be attributed to compositional and from the circumstance that manganite materials which can be
structural inhomogeneity of samples sintered at low temperadsed in advanced technology will surely have some crystal
tures. For all preparation conditions, however, SSR samplesnperfections or inhomogeneities. Moreover, in some cases
are always polycrystalline and inevitably contain at least onespecific types of inhomogeneities should even be specially
source of inhomogeneity: grain-boundary regions. These ar@duced to provide necessary properties. For example, grain
regions of structural, magnetic, and stoichiometric disorderboundaries or specially prepared percolation structures can
and they therefore have different conducting and magnetiensure high MR in low fields in the temperature range far
properties as compared with these inside the grains. Besidelow T, which may be necessary for some applications.
this, rather appreciable compositional inhomogeneitrext As to phase separation, this concept has, on the one
associated with grain boundarjesannot be eliminated in hand, now become a commonplace, while, on the other hand,
SSR samples even when they are prepared under optimtde term is too general to imply anything specific. In inter-
conditions. The common methods of checking of stoichio-preting their results, experimentalists often speak quite gen-
metric inhomogeneity and mixed-phase ste¢gay powder erally about phase separation or just mention it, meaning not
diffraction or electron microprobe analysisave too low ac- much by it. And how could they, since at least a dozen di-
curacy to come to an unambiguous conclusion about comparerse models(suggesting quite different mechanisms of
sition homogeneity. For example, if a sample is a mixture ofphase separatigrhave been developed, which in practice,
two phases of R ,A,MnO3, composed from the same ele- however, cannot be numerically compared with experiment?
ments but with appreciably different valuesofor oxygen In spite of this, the phase-separation concept appears to be
concentration, it is hard or even impossible to see clearlyery attractive, since it can give a quite natural qualitative
enough the two-phase state in a diffraction pattern, even iéxplanation for both the huge drop in resistance and the
the volume fractions of the phases are comparable, where®&MR in the vicinity of magnetic transitions in manganites,
the magnetic and other properties of these phases can lbaking into account a percolational character of these
significantly different. Only nonperovskite-type impurities transitions*® Consider, for example, the La,CaMnO;
can be detected quite clearly down to 2%. Electronic microsystem. According to Refs. 19-24, the paramagnetic-
probe elemental analysis has an accuracy abobfo in  ferromagnetic(PM-FM) transition in this compound is of
most cases, leaving room for stoichiometic disorder withinfirst order for the range 0.25x<<0.4. It is found in these
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compounds that FM metallic clusters are present well abovdoubtedly have a pronounced effect on the second-order
T, while some PM insulating clusters can persist down to &2M-FM transitions. This effect has long been known and
range far belowl . .2°~?" That seems natural for a first-order considered for simple FM metal3 Take, for example, as in
transition, where nucleation of the FM clusters abdyeis  Ref. 33, a system consisting of multiple phases with different
quite expected, as well as the presence of some amount @f.. There is some volume distribution of regions with dif-
PM clusters belowT . After all, a transition of this type is ferentTc within the sample. The presence of interphase tran-
hysteretic and depends on the rate of heating or cooling. Isition regions between different phases should be taken into
this case real phase separation and percolation processes @amtount as well. The temperature dependence of the magne-
be expected around;. Since the PM phase is insulating tization for this sample will show a somewhat broadened
and the FM one is metallic, some kind of insulator-metalPM-FM transitior° (the temperature width of the transition
transition takes place nedg . The technological inhomoge- depends on how wide is the distributionTf in the samplg
neities broaden the temperature range of the PM-FM transiFrom that an averaged value can be determined. But
tion, so that it may appear smoother and more continuousome parts of the sample haVe greater or less than this
like a second-order transition. averaged value. Therefore, it can be found by some experi-

For Ca concentration outside of the above-indicatednental methods that some FM clusters exist abbye their
range, 0.25:x=<0.4, the PM-FM transition is found to be of volume increasing a3 is approached from above, while
second order in La ,CaMnO; samples wittk=0.20, 0.40, PM clusters can be found beloW., their volume fraction
and 0.45(Refs. 22, 29, 3D According to the phase diagram decreasing as the temperature decreases awayTganThe
for this system;®>>® these concentrations are close to thereason for this behavior is quite obvious when the sample
critical onesxx~0.2 (which is a border between the FM me- inhomogeneity is taken into account. Now, even if every
tallic and insulating stat¢sand x=0.5 (which is a border single phase of this multiphase system undergoes a second-
between FM metallic and insulating charge-ordered skaltes order transition, the total character of the transition will not
is clear that unavoidable technological stoichiometric disorbe that for the homogeneous system. It will be of a percola-
der will have a greater impact on the magnetic transition foitional nature. If the PM and FM phase states differ drasti-
samples having nominal Ca concentrations near the aboveally in their conductivity, CMR can be found. Imagine that
mentioned critical values. Th& . value depends rather the size of the inhomogeneities is rather small, say, a few
strongly onx near these threshold concentrations, whereaganometergwhich is quite possible for technological inho-
the concentration dependenceTef near the optimal doping mogeneities Is it possible in this case to attribute with any
(x~0.35) is rather weaksee the phase diagram in Refs. 1, certainty the magnetotransport behavior of this system near
3, 5, and 6. In this case, the magnetic transition for a samplethe PM-FM transition to the phase separation effect? The
with nonoptimal concentration should be broader than thahegative answer is obvious, since technological inhomogene-
for the optimally doped samples, even if the level of compo-ities can by themselves provide this behavior.
sitional inhomogeneity is equal in both cases. It cannot be Due to enormous theoretical activity in this area, it is
ruled out, therefore, that a second-order transition found forather appropriate to believe that phase separation really
these La ,CaMnO; samples is just a rather broadenedtakes place in manganites and in other transition-metal ox-
(smearegfirst-order transition. ides (although it is difficult to make the right choice among

It should be noted that the PM-FM transition is found tothe numerous proposals for the phase separation mecha-
be of second order in Sr-doped LgSr,MnO; samples X  nismg. But how can one reliably enough distinguish these
=0.3 and 0.38 as well?®*! The Sr manganites are more thermodynamic effects from those of extrinsic inhomogene-
conductive than Ca manganites and have much higher ities? That is a really difficult problem. I think that theoreti-
(maximum T are about 260 K and 370 K for Ca and Sr cians should not disregard the influence of extrinsic inhomo-
manganites, respectivelylt seems that manganites with geneities, but, on the contrary, they should take them into
higher conductivity and ¢ are more prone to a second-order account in their models quite directly along with intrinsic
transition than those with low conductivity afi¢:. In ho-  inhomogeneities. This necessity was indicated quite clearly
mogeneous samples with a perfect crystal lattice the seconih the paper by Yukalol’ One of the principal ideas of that
order transition from the PM to the FM state should proceedaper is that real systems are never free from external per-
at once in the whole sample volume as soon as the temperasrbations, and that makes the system stochastically unstable
ture crosseslc from above. No nuclei of the FM phase even if the external perturbations are infinitesimally small.
above T¢ and no supercooling or hysteresis phenomenafter all, extrinsic inhomogeneities can even stimulate the
should occur at this transition. Only thermodynamic fluctua-appearance of thermodynamic phase separation, so that some
tions of the order parametdthe magnetizationare ex- kind of interaction between them is possible.
pected, which, however, should be confined to a narrow criti-  In conclusion, when considering the experimental data
cal region around ¢ (Refs. 32, 33 These fluctuations of the for mixed-valence manganites and developing theoretical
magnetic order have usually a rather noticeable effect omodels for them, the unavoidable influence of extrinsic dis-
“nonmagnetic” properties such as the temperature coeffi-order and inhomogeneities should always be taken into ac-
cient of the resistivity, heat capacity, magnetoresistance, ancbunt. These inhomogeneities can act separately as well as
thermal expansion in the vicinity of: (Refs. 32, 33 together with the suggested intrinsic inhomogeneifE®mse

Stoichiometric disorder and inhomogeneous strains ofeparationand determine to a great extent the magnetic and
the crystal lattice, which are unavoidable in real manganitesnagnetotransport properties of these compounds. Although,
due to the above-indicated technological reasons, can ufier the most part, the known properties of the
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In the region of the equilibrium solid solutions of lithium in aluminum an anomalous low-
temperature peak of diamagnetism is observed which is due to the presence of a boundary point
on a line of band degeneracy directly below the Fermi level. The position and structure of

the peak in the average valence function are analogous to those studied previously in the aging
systems Al-Mg and Al-Zn under suitable heat treatment. The value of the lithium impurity
scattering parameter for the electron states in the vicinity of the point of degeneracy mentioned
is estimated, and the linear relation of that parameter with impurity-related electrical

resistance in aluminum alloys is established.2804 American Institute of Physics.

[DOI: 10.1063/1.1739165

INTRODUCTION AND STATEMENT OF THE PROBLEM solid solutions in metastable alloys of aluminum at room
ADDRESSED temperatures requires special heat treatment with regimes
that substantially influence the magnetic susceptibility of
In simple metal systems of thep type, such as alumi- these alloy<.Thus the susceptibility can enrich the arsenal of
num, the orbital component of the magnetic susceptibilitytools for analysis of the mechanisms and kinetics of the ac-
often serves as a useful tool for diagnostics of the electronigompanying structural changes. For this one needs reliable
structure, especially in cases when, because of thermal exghformation about the behavior of the susceptibility near the
tations or disorder in the crystal lattice, it is impossible todiamagnetic anomaly in the system of stable solid solutions
employ quantum oscillation or resonance methbtts.this  of aluminum, which can be taken as a standard, to convince
case one uses the irregular behavior of the orbital susceptgneself of its correspondence with the theoretical model, and
bility near points of electronic topological phase transitiéns, o estimate the degree of uniformity of the solid solutions
caused by the coincidence of the Fermi level with criticalwith Mg and Zn studied previously. As a candidate for the
energies of the electron spectrum, at which the topology ofole of reference system in the present paper we have chosen
the Fermi surface changes. For example, in aluminum jushe substitutional alloys of aluminum with lithium. This is
below the Fermi leveEg there is a specific critical point the only system for which the topological transition under
with extremal energ)E. on a line of band degeneratfor  discussion can occur in the region of solid solutions stable at
boundary points of degeneracy of this type the electroni¢goom temperatur&® although the conclusions of some pa-
topological transition aEr=E. andT, H—0, according to  pers contradict that assumptib.
theoretical calculation? is accompanied by divergence of
tbhuetigrr]bnal diamagnetism on account of the interband contn-EXpERlMENTAL TECHNIQUE
The corresponding peak of the anomalous diamagnetism Bars of six Al-Li alloys with concentrations(Li) =2,
has actually been obsenietin alloys of aluminum with 2.8, 3.8, 4.4, 7.4, and 10.7 at.% were melted from high-
substitutional acceptor impurities of Mg and Zn at an aver-purity components: AlI-5N and Li—4N. The polycrystalline
age valencez of the alloy equal to the critical valug,  samples with linear dimensions3 mm were cut out from
=2.945, in the form a deep low-temperature dip, smoothedhe bars by an electrospark method, and the deformed surface
by the scattering of electrons on impurities, against the backwas chemically etched off. The samples were subjected to a
ground of the appreciable paramagnetism of pure aluminurhomogenizing anneal in a helium atmosphere fd hours
A quantitative analysis of this feature in the behavior of theat a temperature of 530 °C, followed by rapid quenching in
susceptibility is given in Ref. 3 on the basis of the results ofwater. After the magnetic susceptibility measurements some
a theoretical calculation of the orbital susceptibility for de- of the samples were aged for around 3 hours at a temperature
generate bands on the assumption that the disordered solid 200 °C, and then slowly cooled at a rate-efL0 °C/h to
solutions of Mg and Zn in aluminum are homogeneous.  room temperature, and the measurement procedure was re-
Unfortunately, in almost all binary systems of aluminum peated.
the concentration of an acceptor impurity corresponding to  The susceptibility of the alloys was measured by a quan-
the average valence,, if it even falls in the solubility re- tum magnetometer in a dc field of 200 Oe with an error not
gion, does so at rather high temperatft@btaining uniform  exceeding % 10~° e.m.u./g. The samples were placed in a
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FIG. 1. Temperature dependence of the magnetic susceptibility of Al-Li + A|1_ngx
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copper chamber in a compartment of the anticryostat and 2, electrons/atom

cooled by the dosed admission of cold gaseous helium into

. . FIG. 2. Electronic part of the susceptibility of alloys of aluminum with Li
the anticryostat through a controlled valve. Together with 80), Mg (+) (Ref. 3, and Zn(Cl) (Ref. § at T=78 K versus the average

resistive heater on the upper part of the chamber, this syste{Rjencez. The solid curve is the result of a theoretical calculation of the
permitted regulation of the rate of cooling of the samplesusceptibility of Al-Li alloys with the scattering taken into accodske

(usua”y 0.1-0.5 K/mihand the long-term maintenance of text). The inset shows the relation of the impurity scattering paraniéter
its temperature in the interval 4.2—250 K with an accuracy of '@ "esistivitys of the alloys?

~0.3 K.

region of stable homogeneous solid solutions and is observed
RESULTS OF MAGNETIC SUSCEPTIBILITY at the same average valengeas in the Al-Mg and Al-Zn
MEASUREMENTS systems. The amplitude of the peak almost coincides with the

value found in the alloys with magnesium and is consider-

Examples of the temperature dependence of the ma bly lower than the amplitude in alloys with Zn, although the

netic susceptibility obtained for the Al-Li alloys are pre- lithi . . o .
T i ithium concentration required for realization of the peak is
sented in Fig. 1. The dependence of the susceptibility on thﬁalf as hiah
lithium concentration near the extremum is shown in Fig. 2. gn.
The temperature of 78 K was chosen to permit comparison
with analogous data available for the alloys Al—-NRef. 3 ANALYSIS OF THE ANOMALOUS DIAMAGNETISM
and Al-Zn(Ref. 5, which are also shown in Fig. 2. For this In the analysis of the experimental data presented we
same reason molar units are used for the susceptibility in Figshall use the concepts proposed in Ref. 3 as to the nature of
2, and the ionic diagmagneti¢fhwas subtracted from the the irregular behavior of the magnetic susceptibility of alloys
measured values, the impurity concentration is expressed iof aluminum and the expression derived there for the depen-
terms of the average valence of the alloys, and the concemence of the susceptibility on the level of the chemical po-
trationsx(Li) =2, 2.8, 3.8, and 4.4 at. % correspond to thetential y(w). As we have said, the decisive factor in the oc-
valencesz=2.96, 2.944, 2.924, and 2.912. currence of the substantial dependence of the susceptibility
Up to concentrations of at least 4.4 at. % kzi{z.) the  on the concentration of an acceptor impurity is the presence
susceptibility of the quenched and aged samples agreés the electron spectrum Al of a boundary point on the line
within the limits of error of the measurements. Aging wasof band degeneracy, lying~13 mRy below the Fermi
found to have a noticeable effect only for samples with condevel®>!! The scale of that dependence allows one to neglect
centrationsx=7 at. % Li (z=2.86); Fig. 1. The appearance the influence of all other irregular contributions to the
of analogous differences in the study of the quenched andusceptibility’ In the calculation of the orbital anomaly in
aged alloys had been observed previously in the Al-CWRef. 3 it was assumed that a fragment of the electron spec-
systemd upon transition through the solubility boundary trum of Al near the actual point may be satisfactorily repre-
(<2 at.% Cu, where the average valence is still far from thesented by a two-ban#p Hamiltonian, the parameters of
critical valuez;). Thus the solubility limit of Li and Al at which are expressed in terms of the known Fourier compo-
room temperature, which is manifested in the magnetic proprents of the pseudopotential. The theory of orbital
erties, lies in the interval from 4.4 to 7.4 at %, in accordancesusceptibility? has been adapted for the nonstandard form of
with the value~5 at. % Li given in Ref. 8. The peak of the the Hamiltonian obtained, and the concentration and tem-
diamagnetism in aluminum alloys with lithium falls in the perature dependences of the susceptibility of Al-Zn and
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Al-Mg alloys near the anomalies are described by numericalering, strangely, is caused by zinc and not magnesium which
calculations with a fitting of the value of the backgroundis next to aluminum in a row of the periodic table. As a
contribution and the scattering paramekerHere the posi- consequence of the fact that for the electron scattering pro-
tion of the level of the chemical potentiedr Fermi level in cesses governing the susceptibility anomaly the initial states
the alloys was calculated from the valuezoifvith the use of  are well localized irk space near the singular point, one can
the electronic density of states of aluminum from Ref. 11,make a quantitative estimate of the scattering parameter, and
and the scattering was simulated by the introduction of arthe aforementioned strangeness in the influence of Zn and
effective temperature that depends linearly on the concentrddg can be linked to differences in the details of the structure
tion. of their pseudopotential form factofs.

From a comparison of the data obtained in the Al—Li
system with experiment and with a calculation for the
Al-Mg and Al-Zn alloys(Fig. 2) one can conclude that the CONCLUSION
chosen heat treatmgnt regimes for the last two syst_ems ap- This study has shown that the region of solubility of
parently ensure sufficient homogeneity for these solid solus.,, .~ . .
. . L lithium in aluminum at room temperature, determined from
tions. The behavior of the susceptibility of all the alloys pre-

. . 0 .
sented near the peak is distinguished only by thethe magnetic properties, exceeds 4.4 at. % and includes an

S . . : . electronic topological phase transition associated with the
individuality of the value of the impurity scattering param-

terT. wh th i f the bound int of th boundary point of a line of band degeneracy in the electron
eter 1, whereas the position ot e bouhdary point o espectrum of Al. The peak of anomalous diamagnetism corre-

band degeneracy relative 1o the Fermi level of pure aluml'sponding to the transition in stable homogeneous solid solu-

num ujzthese aIonsh|s praICt'C?"ﬁ’ thefsanEgF]— Er(A) —  tions of Al was realized for the first time. These reference
(=11+2) mRy. Such a value follows from the true positon data confirm the reliability of the form of the anomaly ob-

of the peakz.=2.945 when its shift due to the smearing at served in the aging Al—Zn and Al—Mg alloys after a special

finite values ofT andT" is taken into accgur?t.lt SN good  peqt treatment and its agreement with the theoretical model.
agreement with the value 13 mRy mentioned above. The value of the electron scattering parameter for a lithium
The theoretical curve ok(2) given in Fig. 2 for the  jmpyrity near the boundary point was determined, and it was
Al-Li alloys was obtained by smearing the correspondingestaplished that this parameter is linearly related to the resis-
dependence(x) from Ref. 3 by a Lorentzian, in which the jyity of the alloys. On the basis of the available data, one
level-broadening parameter due to the scatterih/dx  can yse the susceptibility for quantitative analysis of effects
=(160+20) K/at. % Li, is chosen along with the constant gye to the influence of structural transformations in aging
background component for best agreement with the meagiuminum alloys on the degenerate electron states and estab-

sured susceptibility. The difference of the scattering paramyish the characteristic times and mechanisms of such trans-
eters for impurities can be estimated directly in terms of thggrmations.
effective temperature from the difference of the amplitude of  The authors are grateful to G. P. Mikitik, Yu. V. Sharlai,
the diamagnetic peak in the investigated alloy systems, usingnd V. V. Pustovalov for helpful discussions.
for calibration the temperature dependence of the amplitudes
in Fig. 1 and in Refs. 3 and 5. Along with the absolute values
of the scattering parametdf’/dx given in Ref. 3 for Mg(70
K/at. %) and Zn(45 K/at. 99 this procedure gives for lithium
impurities in Al the ratiodI'/dx(Li): dI'/dx(Mg)~1.8:1
anddI'/dx=120+ 20 K/at. %. The temperature dependence
of the susceptibility expected for this parameter at the extre-; \, gyechkarev, 1zv. Akad. Nauk SSSR, Ser. F42, 1701(1978.
mum agrees with experimefthe sample with 2.8 at. % Liin 2|, M. Lifshits, Zh. Eksp. Teor. Fiz38, 1569(1960 [Sov. Phys. JETR1,
Fig. 1). For estimation we take the average vallE/dx ,1130(1960]. o
~140 K/at. % Li, bearing in mind the approximate nature of S. A. Vorontsov and I. V. Svechkarev, Fiz. Nizk. Tenmi8, 274 (1987
.. . . [Sov. J. Low Temp. Phyd3, 155(1987].
(he edge of (he depondengt) the region of averaging of 3 Lon s ot 1oy " 67D 20501988 [Sov
X [ V 1 . Low Temp. Phys15, .
the susceptibility over energy at the value obtained Ffor 5&9'\;":;“%“, J. Delafond, and A. Junqua, Phys. Status Soli&i0A195
goes b3eyond th_e domain (?f app|ICE.lbI|Ity of the _two-band EM. Haﬁsen and K. AnderkdZonstitution of Binary AlloysvicGraw-Hill,
model,” there exists some difference in the scattering param- new York (1958, Metallurgizdat, Moscow1962 (Russ. Vol. ).
eter estimated using a Lorentzian and an effective7A_. E. Vol, Structure and Properties of Binary Metallic Systefirs Rus-
temperaturé, and in the calculation of(T) for the alloys Si'.ag].' '?A/‘(’:'A'I'iS'EZJ“SL?I'.ZAmzsgfl‘g(stgg?égram& 1771982,
the unknown temperature dependence of the level of the; pejatond, A, Junqua, and J. Mimault, Phys. Status SolidiSA553
chemical potentiaju is ignored. Eliminating these defects, (1973.
which, as can be seen from the results, are not fundamenté?,P-QW- Sedlwood,Magﬂ?tOChemistrySnd ed., Interscience, New York
WO.UId .reqwr.e CQDSIderab!e complication of the Calcwatlon’llg. Ig?élrzec;\/r?el\:ﬂ.st\r/'. I_Slsém?g;:ygn?ﬁ\l. V. Ushakova, Fiz. Met. Metall-
which is not justified at this stage. oved.61, 202 (1986.
The inset in Fig. 2 shows the relation between the value&H. Fukuyama, Prog. Theor. Phys5, 704 (1971).
of I in the alloys under discussion with the influence of **B- N. Aleksandrov and V. V. Dukin, Fiz. Nizk. Tem, 633 (1977 [Sov.
those impurities on the resistivify of aluminum®31t turns 3 LOW Temp. Phys3, 308(1977].

out to be linear to within the error limits. The smallest scat-Translated by Steve Torstveit
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