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Experimental and theoretical results on the optical and magnetooi&)l spectral properties

of a series of Co/Cu, Co/Pd, Co/Pt and Fe/Au multilayers are reviewed. Diagonal and off-
diagonal components of the optical conductivity tensor have been determined in the photon energy
range 0.8-5.5 eV from the polar and longitudinal Kerr rotation as well as ellipticity and
ellipsometry measurements. The conductivity tensor has been evaluated on the basis of self-
consistent spin-polarized relativistic linear muffin-tin orbi(tMTO) band-structure calculations
within the local spin-density approximation. The role of the spin polarization and the

spin—orbit interaction in the formation of the magnetooptical Kerr effs8DKE) spectra as

inferred from first-principles calculations is examined and discussed. The high sensitivity of the
MO properties to the interface structure is studiedabyinitio modeling of the effects of

the interfacial alloying, substitutional disorder, and the roughness at the interfaces. It is shown
that the MOKE spectra of the multilayered structu(sd.S) calculated using the LMTO

method reproduce the experimental spectra only moderately well if ideal MLS with sharp
interfaces are assumed. It is shown that the MOKE spectra of the MLS can be adequately
reproduced only by taking into account their real interface microstructure. The magnetooptical
anisotropy(MOA) is studied both experimentally and theoretically for a series pf &g,

superlattices prepared by molecular beam epitaxy witfl,2,3 Fe and Au atomic planes (01)
orientation. The results of the LMTO calculations show that the microscopic origin of the

large MOA is the interplay of the strong spin-orbit coupling on Au sites and the large exchange
splitting on Fe sites via Ad—Fed hybridization of the electronic states at the interfaces.

The orientation anisotropy of theorbital moment is calculated from first principles and analyzed
on the basis ofl orbital symmetry considerations. The relationship between the orbital

moment anisotropy and the MOA is discussed. The reviewed results imply that the magnetooptical
properties of multilayers with various compositions and structures can be quantitatively
predicted from first-principles band-structure calculations. Such a possibility is important for
basic research as well as applications. 2801 American Institute of Physics.
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1. INTRODUCTION The Kerr effect has now been known for more than a cen-
tury, but it is only in recent times that it has become the
It was first discovered in 1845 by Faradahat the po- subject of intensive investigations. The reason for this recent
larization vector of linearly polarized light is rotated upon development is twofold: first, the Kerr effect gained consid-
transmission through a sample that is exposed to a magnetigable in interest due to modern data storage technology,
field parallel to the propagation direction of the light. About because it can be used to “read” suitably stored magnetic
30 years later, Kefrobserved that when linearly polarized information in an optical mannérand second, the Kerr ef-
light is reflected from a magnetic solid, its plane of polariza-fect has rapidly developed into an appealing spectroscopic
tion also becomes rotated by a small angle with respect tol in materials research. The technological research on the
that of the incident light. This discovery has become knownKerr effect was initially motivated by the search for good
as the magnetoopticdMO) Kerr effect. Since then, many magnetooptical materials that could be used as information
other magnetooptical effects, e.g., the Zeeman, Voigt, andtorage media. In the course of this research, the Kerr spectra
Cotton-Mouton effect$,have been found. These effects all of many ferromagnetic materials were investigated. Over the
have in common that they are due to a different interaction ofjears the Kerr spectra of many ferromagnetic materials have
left and right circularly polarized light with a magnetic solid. been obtained. An overview of the experimental data col-
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lected on the Kerr effect can be found in the review articlesmagnetic moment due to the hybridization with the
by Buschow, Reim and SchoenésSchoene$,Ebert® and  transition-metal spin-polarizedd3states. The polarization is
Antonov et al® strong at Pt and Pd sites and weak at noble-metal sites due to

The quantum-mechanical understanding of the Kerr efthe completely occupied bands in the later case. Also of
fect began as early as 1932, when Hulfqgroposed that the interest is how the spin-orbit interaction of nonmagnetic
Kerr effect could be attributed to spin-ori8O) coupling  metal(increasing in the sequence Cu, Pd, Pt) Afluences
(see also Kittéfh). The symmetry between left and right cir- the MO response of the MLS. From the standpoint of appli-
cularly polarized light is broken due to the SO coupling in acations a very important question is how the imperfection at
magnetic solid. This leads to different refractive indices forthe interface affects the physical properties of layered struc-
the two kinds of circularly polarized light, so that linearly tures, including the MO properties.
polarized incident light is reflected with elliptical polariza- ~ The paper is organized as follows. In Sec. 2.1. the theo-
tion, and the major elliptical axis is rotated by the so-calledretical background of thab initio calculations of the band
Kerr angle from the original axis of linear polarization. The structure and the optical conductivity tensor are reviewed.
first systematic study of the frequency-dependent Kerr and he experimental details are described in Sec. 2.2. Sections
Faraday effects was developed by Argyteand later Coo- 3, 4, and 5 present the experimental and theoretical results
per presented a more general theory using some simplifyinfp” the MO properties of Co/Pd, Co/Pt, and Co/Cu MLS,
assumptiond3 The very powerful linear response techniquesrespect'ively. Section 6 is devoteq to.the electronic s’gructure
of Kubo' gave general formulas for the conductivity tensor@nd anisotropy of the MO properties in Fe/Au MLS. Finally,
which are now widely used. A general theory of the the results are summarized in Sec. 7.
frequency-dependent conductivity of ferromagnetfeM)
metals over a wide range of frequencies and temperatures
was developed in 1968 by Kondorsky and Vedigv. 2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The first ab initio calculation of MO properties was
made by Callaway and co-workers in the mid-19¥08hey
calculated the absorption parts of the conductivity tensor el- Phenomenologically, magnetooptical effects at optical
ementso, and oy, for pure Fe and Ni and obtained rather frequencies are treated by means of a dielectric tensor. For
good agreement with experiment. After these pioneeringhe polar Kerr magnetization geometry and a crystal of at
studies, there was a lull in MO calculations until MO effects least threefold rotational symmetry, where both the symme-
were found to be important for magnetic recording and thdry axis and the magnetization direction are perpendicular to
computational resources had advanced. Different reliable nihe sample surface and teaxis is chosen parallel to them,
merical schemes for the calculation of optical matrix ele-the dielectric tensor is composed of the diagonal components
ments and the integration over the Brillouin zone have beefixx ande, and the off-diagonal componeat, in the form
implemented, giving essentially identical resdft®rototype
studies have been performed using modern methods of band
theory for Fe, Co, and Ni. Following the calculations for the ~ &=| ~&xy &x 0 : 1)
elemental 8 ferromagnets, a number of groups have evalu- 0 0 es,

;tefd tgegMO dspe;:tra for mr?re !nterestmg compoufekse At normal light incidence the relation between the complex
efs. 8, 9, and references thepein golar Kerr angle and the dielectric tensor components is

2.1. Computational details

Exx  &xy O

In recent years, artificial layered structures composed o iven by
magnetic transition metals separated by nonmagnetic metals
have been studied intensively due to the fundamental re- K Pk —&yy
search interest in these systems and also because of their 0" +in :Wv @)
potential for applications. Oscillatory interlayer exchange X X
co[_”:)ling,18 giant magnetoresistan&%and the induced mag- whered"K and X are the polar Kerr rotation and the ellip-
netic polarization effect in nonmagnetic layésee, e.g., Ref. ticity, respectively.

20 and references thergihave become the most discussed Here and henceforth, the following definitions have been
phenomena in layered magnetic structures. adopted. We choose the time dependence of the electric field

In particular, Co/Pt and Co/Pd multilayered structuresase '“'. Hence, all the complex quantities are expressed by
(MLS) have attracted a lot of attention because these systeriieir real and imaginary parts as follows; ;=& () +is{),
exhibit simultaneously a large magnetooptical Kerrwhere a, B=X, Y, 7 &x,=(n+ik)? andn andk are the
rotatiorf*?and perpendicular anisotropywhich in combi-  refractive index and extinction coefficient, respectively. The
nation make these materials applicable for a new generatiopptical conductivity tenSOﬁag=0(alB)+i0&2) is related to the

of storage device¥' dielectric tensok .4 through the equation
The aim of this paper is a review of recent achievements A
in both the experimental and theoretical investigations of the ¢ ,4(w)=6,51t —— 0 ,5( ). ©)]
w

electronic structure, optical, and MO properties of transition-

metal multilayered structures. We considered the most im-  For the longitudinal Kerr magnetization geometry, where
portant from scientific and technological points of view: Co/the magnetization lies in the sample plane andytlais is

Pt, Co/Pd, Co/Cu, and Fe/Au MLS. In these MLS, thechosen parallel to both the magnetization direction and the
nonmagnetic site$Pt, Pd, Cu, and Auexhibit an induced plane of incidence, the dielectric tensor takes the form
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ey, 0  —&y, mation, the latter scheme gives results in close agreement
o= 0 & 0 @ with the formerz,g_ while bgmg simpler to |_mple_ment._ We
XX ' should also mention the widely used technique in which the
exz O €77 SO coupling is added variationaff/after the scalar relativ-

The formula for the complex longitudinal Kerr angle as istic magnetic Hamiltonian has been constructed. In this

it has been derived from general formulas for the Kerr effec€@S€, the Pauli equation with the SO coupling is solved in-
with arbitrary dielectric tenséf is given by stead of the Dirac equation. We should emphasize that all

three techniques yield similar results.

oK i K= 284, SINQ COSQ &5y 5 The optical conductivity tensor or, equivalently, the di-
sp ! Msp™ D 5 electric tensor is the basic spectral quantity needed for evalu-
ith ation of the Kerr effecf. The optical conductivity can be
wit computed from the energy band structure by means of the
D =(\ex(,5—SIP @)+ Ve, exx—SIP @) Kubo—Greenwood linear-response expressfoi:
in2
X (Ve yy— SiP @+ CoSp) (Ve yyE2,COSE gl @)= ;;Le
“ m-AaV
+ \/Szz_Siii ®), . s
where is the angle of incidence of the light, and the upper x> FCen) — flenk) H“’“(k)H““’(!() ,
and lower signs correspond to light pfands polarizations, K nn @nn (K) @ = wny (K)+iy
parallel and perpendicular to the plane of incidence, respec- 9)
tively. . ) ) )
In the case when the assumptiop~s,, is justified, ~Wheref(en) is the Fermi functionfi wyy (K)= €nx— €ni is
formula (5) simplifies t3® the energy difference of the Kohn—Sham energigs andy
is the lifetime parameter, which is included to describe the
LK i LK £x2SIN (e~ SI ¢+ sing tane) finite lifetime of excited Bloch electron states. THE , are
sp ! Msp™ (exx—1)(exx—tart @) Ve, —SI @ the dipole optical transition matrix elements, which in a fully
(6) relativistic description are given By
On straightforward symmetry considerations it can be  TI,, (k) =m{¢n|caln ) (10

shown that all MO phenomena are caused by the symmetr
reduction, in comparison to the paramagnetic state, cause% nctions
by magnetic ordering’ Concerning optical properties this unctions.

symmetry reduction has consequences only when the SOV :qull,latrgorr\(Q) tf)ornghe @%?%?“:'? ﬁontalnsratdozjntiletium
coupling is also taken into consideration. To calculate moPVer &l energy bands, which natura ,y separates Into e So-
alled interband contribution, i.en#n’, and the intraband

properties one therefore has to take into account the magng-

tism and SO coupling at the same time when dealing with thgontnbuhon,n:n . The intraband contribution to the diag-

. . . nal component: m rewritten for zero temperatur
electronic structure of the material considered. In the corre2"'& €OMPONENts oF may be re €n for zero temperature

sponding band structure calculations it is normally sufficien®®

ith , being the four-component Bloch electron wave

to treat the SO coupling in a perturbative way. A more rig- w,z, W

orous scheme, however, is obtained by starting from the = Taa(@)=—~ o Fivg’ (13)

Dirac equation set up in the framework of relativistic spin P

density functional theor$® where w, , are the components of the plasma frequency,
which are given by

[Ca"p+ﬁmcz+|V+Vspﬁgz]¢nkzenk¢nk (7) )
with V,(r) being the spin-polarized part of the exchange- ‘”rZJ o= 4;Te 2 S(€n—Ep) | |2, (12)
correlation potential corresponding to thquantization axis. MV Tk

All other parts of the potential are contained \ifr). The

Er is the Fermi energy, andp=1/75, where 5 is the
4X 4 matricesa, B, andl are defined by " 9y, andp D °

phenomenological Drude electron relaxation time. The intra-
0 o 1 0 10 band relaxation time parametgp may be different from the
), =( ) =< ) (8) interband relaxation time parametgrThe latter can be fre-

o 0 0 1 0 1 .
quency dependenit,and, because excited states always have
where o are the standard Pauli matrices, ahdbs the 2<2 a finite lifetime, will be nonzero, whereag, will approach
unit matrix. zero for very pure materials. The contribution of intraband

There are quite a few band structure methods availabl&ansitions to the off-diagonal conductivity is usually not
now that are based on the above Dirac equatidn.one of  considered. Also, the influence of local field effects on the
the schemes the basis functions are derived from the prop&iO properties has not been studied. We mention, lastly, that
solution of the Dirac equation for the spin-dependent singlethe Kramers—Kronig transformation was used to calculate
site potential$®3! In another approach, the basis functionsthe dispersive parts of the optical conductivity from the ab-
are obtained initially by solving the Dirac equation without sorptive parts.
the spin-dependent tefAT3 and then this term is taken into The electronic structure of the MLS was calculated self-
account in the variational stéf>* In spite of this approxi- consistently on the basis of the local spin density

a=
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approximatioﬁ7 to the density functional theory, using the TABLE I. The parameters of the Co/Pd MLS studied. The sample numbers
fuIIy relativistic spin-polarized LMTO methdd2*in the are given, together withl, e.s, the number of bilayeérgs/, artd, andtpq, the
. . . . . . measured thicknesses of the Co and the Pd sublayers.
atomic-sphere approximation, including the combined cor-
; 32,38 i
rection (ASA+CC).”*®Core-charge densities were recalcu- No. Niayers teos A tpg, A

lated at every iteration of the self-consistency loop. The spin

polarization was included in the variational st€he com- ; f’é gg 1?'2
bined correction terms were also taken into account in the 3 43 6.4 18.2
optical matrix element calculatiori The basis consisted of 4 40 8.4 18.5
s, p, d, andf LMTOs. The k-space integrations were per- 5 33 13.8 19.8

6 28 17.4 20.6

formed with the improved tetrahedron methid.

2.2. Experimental procedure
Th lar K tati d ellivticit i using the Hadamard transform. The angle of incidence was
€ polar Kerr rotation §) and ellipticity (7¢) Spectra g0 54 67 optimized as the averaged principal angle of inci-

yve:_e measdurleil_ W'trt] ahM_Ods%p_eciLomert]ert based on the pOIaEI'ence for the measured samples and the spectral range used.
Ization moduiation techniquein the pnoton energy range o accuracy of setting the angle of incidence is 0.005° and

0.8-5.5 e\(. Light from a s_uper—qmet Xe arc lamp Dp the average error in the determinationncdindk values is of
lamp used in the UV region is focused by a condenser on thfﬁe order of 0.003

entrance slit of the monochromat@PEX 500M, equipped
with self-interchangeable gratings for mea;urernents of dl.f-& MAGNETO-OPTICAL PROPERTIES OF Co-Pd SYSTEMS
ferent parts of the spectrum. The outcoming light beam is

filtered by an appropriate filter to attenuate higher orders.1. Co/Pd multilayers

from the monochromator. After passing through the polarizer A getajled experimental and theoretical study of the elec-
and photoelastic modulatdHinds PEM-90 Cap the light  onic structure and MO properties of Co/Pd MLS using
beam is focused by a quartz lens on the surface of the samplgokE spectroscopy and first-principles band-structure cal-

mounted on a sample holder with the temperature stabilizeg,|5tions was done in Ref. 42. The Co/Pd multilayers under

in the range 290800 K inside the 1.8 T water-cooled eleczqngjgeration were prepared on water-cooled glass substrates

tromagnets. The amplitude of the retardation of the light ISusing the dc magnetically enhanced face-to-face sputtering
periodically modulated at a frequency of 57 kHz by thegygiem described in Ref. 83. The chemical compositions of
modulator, oriented with its strain axis at 45° with respect too fims were determined by x-ray fluorescence analysis
the polarizer axis. The angle of incidence of the light on therom the peak intensities of the characteristic fluorescence
sample surface is set at 2 and 75 deg in the polar and 1ongf, giation. Structural studies were performed by conventional
tudinal Kerr geometry, respectively. After reflection the light , oy, giffractometry. Formation of multilayer structures was

beam passes through the analyzer, oriented parallel or pegynfirmed by low angle x-ray diffraction, and the modulation

pendicular to the modulator strain axis, and is detected by Beriod was deduced from the position of the Bragg peaks.

low-noise photomultiplier in the energy range LHv  The neriods determined from the x-ray measurements agree
<5.5eV and by a liquid-nitrogen-cooled Ge photodiode foryit those evaluated from the fluorescence analysis. The

0.8<hv<1.4eV. The detector output signal from the cur-fims were found to be of fc¢111)-textured structure. The

rent preamplifier is measured by lock-in amplifiers. The POparameters of the samples studied are given in Table I.
lar Kerr rotation and ellipticity, after appropriate calibration

with the use of a driven Babinet—Soleil compensator, are?-1-1- Experimental results
derived from the ratio of total light intensity, corrected for The polar Kerr rotation §x) and ellipticity () spectra
zero offset with the use of a controlled light beam shutterof the Co/Pd MLS measured under saturation conditions are
and the intensity of the first and second harmonics. The sam&hown in Fig. 1a and 1b. For comparison, the spectra of a
setup is used to measufig and 7, hysteresis loops at fixed 2000 A thick fcc Co film, multiplied by a factor of 0.7, are
light wavelength. The setup is fully automated and computealso plotted in Fig. 1. It can be seen that the MLS Kerr
controlled via a data acquisition systefideithley 500 A. spectra never exceed in magnitude those of the fcc Co over
The sensitivity of the Kerr spectrometer is of the order ofthe whole spectral range. The prominent features oféhe
10" * deg. spectra are a broad negative peak-8eV and a shoulder at
The optical properties—refractive indexand extinction  ~4.3 eV, followed by &y slope varying as a function of the
coefficient k—have been measured by spectroscopic ellip-Co layer thickness. Théx peak, centered at 1.5 eV, charac-
sometry using the rotating analyzer metfoith the spectral teristic of fcc Co, is strongly reduced with decreasing MLS
range 0.8-5.5 eV. The sample is mounted on a five-axi€o sublayer thickness, and the prominent minima-ateV
precision goniometer in a subset of the above described M@ 6 and at~5 eV in 5 diminish in amplitude. The shift of
system. The ellipsometric angldsandA were derived from the zero-crossing of)x up to ~3 eV with decrease of the
the real-time digital harmonic analysis of the detected signahmount of Co present is accompanied by the formation of a
modulated by a rotating analyzer. The MgRochon ana- positive two-peak structure. Similar spectral features of the
lyzer rotates with an angular frequency of 12'snside a  Co/Pd MLS, although within smaller spectral ranges and for
rotary encoder with 4096 lines per revolution. The signalother sublayer thicknesses, were observed in Refs. 22, 43,
from the detectors is synchronously digitized at@29inter-  and 44. Inspection of th&, and 7y spectra of the MLS
vals by the Keithley 500 A system and evaluated in real-timdeads one to the conclusion that there is a MO contribution
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be evaluated according to E@). The values ofr,, for the

fcc Co and Pd films and the Co/Pd MLS under consideration
were obtained by an ellipsometric method for the range 0.8—
5.5 eV. It was found that the-, spectra of the multilayers
are close to each other and do not exhibit fine structure,
except for a small broad peak at about 4-5 eV.

For all of the Co/Pd MLS studied, it was found that the
denominator in Eq(2) evaluated from the optical data is a
monotonic and structureless function over the whole energy
range and depends weakly on the film composition. Conse-
quently, all of the peaks in the polar Kerr rotation and ellip-
ticity spectra originate from the corresponding features of the
absorptive and dispersive parts @f,(w), respectively. The

a energy dependence of the denominator in equatronly
: ¢ + } ; changes the relative amplitudes of the UV and IR peaks of
the spectra, without producing any additional spectral fea-
tures. It can be concluded that in the Co/Pd MLS the MOKE
is governed by the off-diagonal part of the optical conduc-
tivity tensor.
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0 3.1.2. Multilayers with perfect interfaces
-0.1 T

In an attempt to reproduce and to explain the experimen-
______ 52/17.6 tal MOKE spectra, band-structure calculations of the MO
_______ 6.4/18.2 NN properties of some model MLS were performed. As the in-
------- - 8.4/18.5 e fluence of the structure of the Co-Pd interface on the MOKE
0.3 4 sem—me 13.8/19.8 spectra is the subject of this study, in the first step an ideal-
--------- 17.4/20.6 ized model with a sharp interface was adopted in the calcu-
04+ T Co x0.7) b lations. The numbera of Co andm of Pd atomic planes in
0 1 2 3 i f the modelnCp/de MLS were chosen as close as possible
Energy , eV i to the experimentally measured ones. For all the MLS, an
abcstacking sequence of close-packed Co and Pd planes was
FIG. 1. Experimental polar Kerr rotatiof® and ellipticity (b) spectra of  assumed. In Ref. 45 it was shown that for Co sublayers that
_Co/F’d MLS_and l_‘cc Co f2|Im. The Co and Pd sublayer thicknesses are giveR e not very thick(less than 30 A, with the Pd sublayer
in the keys in units of & . . . . N
thickness being 12 A the in-plane lattice spacing in Co/Pd
MLS is almost independent of the Co sublayer thickness and
independent of, or weakly dependent on, the cobalt sublayemly ~2% less than the lattice spacing in fcc Pd. Therefore
thickness. These effects that are independent of the Co cothe lattice constara=2.694 A of the hexagonal lattice was
tent may arise from Pd spin polarization induced by thechosen. The interplane spacings in the Co and Pd sublayers
proximity of Co layers and/or from the polarization causedand at the interface were chosen to be equal and correspond-
by roughness and limited alloying at the Co-Pd interface. ing to the idealc/a ratio (c/a=q+/2/3, whereq=n+m is
To study the mechanism responsible for the MOKE inthe number of close-packed atomic pland$e sphere radii
the Co/Pd MLS and to enable us to discuss the magnetoopf Co and Pd were both taken as equal to the aveBge
tical response of the films in terms of separate contributionsalue of 1.49 A.
of the Co and Pd sublattices, the data should, in principle, be The distributions of the spin magnetic moments in the
analyzed using the off-diagonal optical conductivity tensorCo and Pd atomic spheres derived from the band-structure
componentso,,, which are directly related to the magne- calculations are given in Table II. For all the MLS studied,
tooptical transitions between the spin-polarized electroni¢the dependence of the magnetic moments on the distance
states. From the measurég and nx data and the diagonal from the interface is the same. The Co magnetic moment is
tensor component,,, the off-diagonal component,, can  enhanced at the interface and already approaches the bulk

3.5/18.3

Kerr ellipticity , deg

TABLE II. Calculated Co and Pd spin magnetic momenjs; (atom) in the Co/Pd MLS. The number after the chemical symbol denotes the number of
corresponding atomic planes starting from the Co-Pd interface. For fcc Co wilsed at the same value as for the MLS, the value of Lgatom was
obtained®

MLS Co2 Col Pd1 Pd2 Pd3
1Co/8Pd 1.94 0.26 0.12 0.04
2Co/7Pd 1.84 0.23 0.10 0.03
4Co/8Pd 1.72 1.83 0.23 0.11 0.04
6Co/9Pd 1.72 1.83 0.23 0.12 0.04

9Co/9Pd 1.72 1.83 0.23 0.12 0.04
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MLS, manifests itself only in the spectra of the 1Co/8Pd
o~ MLS and, to a lesser extent, those of the 2Co/7Pd MLS. For
oo the MLS with larger numbers of Co atomic planes, the mag-
nitude of the Kerr rotation spectra in the UV range increases
with increase of the Co sublayer thickness, whereas the
shape of the spectra changes only slightly. As can be seen in
Fig. 2b, the features of the Kerr ellipticity spectra, corre-
sponding to the peaks at 1.0 and 4.3 eV in the fcc Co spec-
trum, become more pronounced as the number of atomic
planes of Co increases.

Such a dependence of the calculated MOKE spectra of
the MLS on the Co sublayer thickness is explicable. As the
magnetic moment induced in the Pd atoms located far from
the interface is very small, one can expect these atoms to

t + + + t give only a small contribution to the off-diagonal optical
oL+ conductivity. Consequently, if the model with a sharp inter-

' " face is adopted, the MO properties of the MLS are deter-
mined by the Co sublayer and one, or perhaps two, adjacent
Pd atomic planes. Also, from the calculated DOS curves and
Co magnetic moments it follows that only the electronic
states in the two Co atomic planes nearest to the interface are
ey modified strongly by the hybridization with the Pd states.
| Co/3Pd \ ‘\\-/i' Hence, as the Co sublayer thickness increases, the MOKE
02 + e 2Co/7Pd v ! spectra of the MLS should become closer to that of pure Co.
_______ 4Co/3Pd ! ! This is exactly what can be seen in Fig. 2. As the number of
----------- 6Co/9Pd v Co atomic planes increases, the relative contribution of the
——————— 9Co/9Pd \ /" interfacial layer to the spectra becomes smaller, and a shoul-
------- - Co %0.7) d b der appears in the spectra at 1.5 eV which is evidently related

-0.4 } } ' } } to the corresponding peak in the fcc Co spectrum.
0 1 2 3 4 5 6 A comparison with the experimental spectra of the MLS
Energy, eV . .
(Fig. 1) shows that the calculations reproduce only moder-

FIG. 2. Calculated polar Kerr rotatiog@) and ellipticity (b) spectra for the  ately well the main peculiarities of the MOKE spectra of the
modelnCo/mPd MLS with sharp interface® andm are the numbers of Co  MLS and the tendencies in the modification of the MLS
and Pd atomic planes, respectivelfor comparison, spectra of fcc Co gnacirg with variation of the Co sublayer thickness, and the
(calculated with the same value 8§, as the MLS, multiplied by a factor . . .
of 0.7, are also showf? quantitative agreement is not satisfactory.

The calculated spectra are of smaller magnitude; the de-
crease of the magnitude for the MLS with a small number of

value of 1.72u5/atom in the second plane. The same valueCo atomic planes is larger than in the experiment. The fea-
of the Co moment (1.72g/atom) was obtained from the ture at 1.5 eV in the calculated spectra of the MLS with a
calculations for fcc Co with the lattice constant expanded sdhin Co sublayer disappears completely, and the magnitude
that the value ofSys was equal to that for the MLS. The of the spectra goes almost to zero in this energy range. The
value of the magnetic moment induced in Pd rapidly deloss of amplitude at this energy, although observed experi-
creases with distance from the interface. In the MLS with amentally, is not so drastic. Also, the calculations predict a
Pd sublayer consisting of more than six Pd atomic planes, theapid decrease of the Kerr rotation amplitude of the shoulder
magnetic moments induced in the middle of the Pd sublayeat 5 eV with respect to that of the main minimum as the
are smaller than 0.0%5/atom and are not shown in Table number of Co atomic planes increases, while the shoulder is
Il. The rapid decrease of the Pd magnetic moment with inobservable in the experimental spectra.
crease of the distance from the interface can be easily under- It is worth recalling that the spectra of fcc Co shown in
stood if one recalls that the moment is mainly due toFig. 2 were calculated with the enlarged lattice constant used
Co 3d—Pd 4 hybridization. A Pd atom even in only the sec- for the model MLS and, consequently, they should not be
ond atomic plane from the interface has no Co atoms amongompared directly to the experimental Co spec¢tee Fig.
even its second-nearest neighbors, and it interacts with th®). The position of the UV minimum in the polar Kerr rota-
exchange-split Co @ states only indirectly. tion spectrum of Co, calculated using the experimental fcc
The calculated MOKE spectra of the Co/Pd MLS areCo lattice constanti.e., for Sys=1.3954), is shifted to
shown in Fig. 2. For comparison, spectra of fcc @alcu-  higher energies by-1 eV (see Ref. 74 Thus, the shift of
lated with the same value &ysas the MLS, multiplied by  ~0.7 eV in the energy position of the UV minimum ob-
a factor of 0.7, are also shown. From a comparison with theerved in the experimental MLS spectra with respect to that
experimental spectra, it is seen that in the UV range thdor the fcc Co film is reproduced—although it is
shoulder at~5 eV, which is a characteristic feature of the overestimated—by the calculations.
experimentally measured polar Kerr rotation spectra of the There are several possible sources of these discrepan-
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cies. First of all, the peaks in the polar Kerr rotation spectras.1.3. Multilayers with imperfect interfaces
calculated for either fcc or hcp Co are shifted to higher en-

ergies with respect to the measured ones, and the magnitude 0™ thhe d;zctl;ssml? above, it foIIowi that |_nterfzc|al '_TJ'
of the minimum at 1.5 eV is too small. This discrepancy is{érmixing should be taken into account i one is to describe

apparently due to a failure of the LDA-based calculations tothe MO properties of real Co/Pd MLS systems. A first im-

oredict correctly the MOKE spectra of the ferromagnetit: 3 provement that takes us closer to describing “real” systems

A . . is that of considering an ordered compound at the interface.
metals; this failure has recently been extensively discussed By examine the consequences of interfacial intermixing for

the I?terature7.4'85'.86A plausible cause for this lies in the ap- ,/pg ML MOKE spectra and their relation to the chemical
proximate description of the exchange and correlation of gy re of the interface, a model of multilayer supercells with
rather localized @ electrons. If the calculated magnitude of alloyed interfaces was considered. The study was performed
the IR peak of fcc Co were larger, it would bring the theo-yyith the use of the above-described formalismabf initio
retical MOKE spectra of the MLS into closer agreement withpand-structure calculations. As the LMTO method requires a
the experimental ones for the energy range below 2 eV. Igrystal lattice with specified translational and point symme-
the UV range, however, a shift of the Co Kerr rotation peaktry, special model supercells of the multilayered structures
to lower energies would hardly improve the agreement bewith alloyed interfaces and fc€111) texture were con-
tween the theory and experiment at all. structed. In thg111] direction, for all model MLS arabc

The shift of the calculated peak positions may also bestacking sequence of close-packed atomic Co and Pd planes
caused by the difference between the experimental intewas assumed. As an interface between the neighboring Co
atomic distances and those used in the calculations. Deternnd Pd layers, one or two Co-Pd mixed atomic planes were
nation of the in-plane and interplane distances in an indiintroduced. To satisfy the requirement of oveii, lattice
vidual sublayer of the MLS or overlayered structures in anSymmetry of the supercells and to minimize their volume,
onerous task, and the experimental data available for Co/P#f€ unit cell was doubled in the basal plane. As a conse-
MLS differ significantly®*~% To estimate the sizes of the dUeNce, mte_rfamal planes in these supercells can consist of
possible effects of the interplane relaxation, test caIcuIationQ“XeOI atpmlc planes compo_sec_j of an ordered Co-Pd com-
using the unmodified in-plane interatomic distance but _ound with 1:3 and 3:1 st0|ch|ometry_and_threefqld rota-

. : tional symmetry. Three types of MLS with different interfa-

smallerc/a ratio were performed for Céwith a hexagonal

cial atomic planes were considered. The structures of the
supercell and 4Co/5Pd MLS. It was found that the theoret'nCo/A/de andnCo/B/mPd types contain Pd-rich GRds

igal MOKE spectra are rather jnsensitive to thg interplane(A) and Co-rich CqPd, (B) ordered interfacial planar alloys,
_d|stance. A decre_ase of tleéa ratio by 5% resglts in a small respectively. The structure nCo/C/mPd with
increase in amplitude of the polar Kerr rotation spectra, but=Co3Pd1/C01Pd3 has a two-layer interfacial ordered alloy
the peak positions remain unchanged. Thus, although a copymposed of consecutivg and A-type planes.
traction of interplane distances in the Co sublayer has been To understand the relationship between the interfacial
derived from structural investigatio!$;'’it is unlikely to be  structures and the MOKE spectra, a systematic study was
responsible for the discrepancies between the theoretical angrformed for Co/Pd MLS with a period of six atomic layers.
experimental MOKE spectra of the Co/Pd MLS. An in-plane Calculations for larger supercells are extremely time con-
relaxation in a thick Co sublayer might affect the calculatedsuming and were performed only for some selected cases. It
MOKE spectra strongly, but performing such a calculation iswas found that the calculations performed are sufficiently
beyond the capability of our facilities. Moreover, there is norepresentative and illustrate the main trends in the modifica-
experimental evidence that relaxation really occurs in thdion of the MO spectra with interface imperfection. In all of
MLS studied. the calculations, the same lattice constant as for the ideal
The idea of enhanced spin polarization in the Pd plane§odel MLS was assumed.

adjacent to the Co has also been considered. For some of the 1he calculated polar Kerr rotation spectra for the Co/Pd
MLS studied, test calculations were performed in which anMLS. where the Co and Pd layers are separated by three

additional exchange splitting was introduced for one or twoty,pes of interfacial allqy laye(A, B, and Q, are shown in
ig. 3a—c. For comparison, the spectrum of fcc Co calculated

of the Pd atomic layers nearest to the interface. As a result cﬁ .
y with the same value d,,sand the spectra of ideal 1Co/5Pd,

gﬁiha:ggzgzﬁtzgmcﬂglra}:?:lfgt;:;:esP:C?rf?:ft‘htgil\r}tf;:'tZZComPd, and 3Co/3Pd MLS are also included. The spectra
. P sp . 9%alculated for the supercell structures in which the Pd layers
increases. However, the strong positive rotation at low pho

: . i are separated by alloy layers only are presented in Fig. 3a.
ton energies worsens the agreement with the experiment Hhe supercells 0Co/A/4Pd and 0Co/B/4Pd consist of a two-
this energy range. _ _ atomic-layer thickness of alloy, of either gk or Co,Pd;

It can be concluded that the main cause of the differcomposition, separated by a four-atomic-layer thickness
ences between the theory and experiment lies in the choice @k pg spacer. The supercell 0Co/C/2Pd consists of repeat-
a model with a sharp interface as a basis for the calculationgsq  sequences of four alloy atomic planes,
An intermixing at the interface, even within just one or two Co,Pd;/CosPd, /CosPd, /Co,Pd;, separated by two Pd
atomic layers, can appreciably change the shape and magritomic planes. These structures can be regarded as limiting
tude of the MOKE spectra of the MLS, especially those withcases, where Co atoms are present in alloy planes only.
small Co sublayer thicknesses. The next part of this Section As is seen from Fig. 3a, in the UV range the main fea-

is devoted to a quantitative study of this problem. tures of the 0Co/A/4Pd spectrum are very similar in shape to
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FIG. 3. Calculated polar Kerr rotation spectra for the mau€b/X/mPd
multilayered structures with imperfect interfacesand m are the numbers
of Co and Pd atomic planes, respectively=X, B, C denotes the interfacial
planar ordered alloys GBd;, CosPd;, and CqgPd,/Co,Pd;, respectively.
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the energy range below?2 eV positive rotation is observed
for the 0Co/A/4Pd MLS. It should be noted that the overall
shape of the 0Co/A/4Pd Kerr rotation spectrum is very close
to that calculated for homogeneous diluted Co-Pd alf8ys.
Thus, the conclusions are that the Kerr rotation spectrum of
the 0Co/A/4Pd structure is determined to a great extent by
the MO properties of spin-polarized Pd. The spectrum of
0Co/B/4Pd, in which the interface region is formed by the
Co-rich alloy, differs significantly from both the 0Co/A/4Pd
and the 1Co/5Pd spectra. The two-peak UV structure trans-
forms into a broad minimum centered at 4.2 eV, and in the IR
region the rotation becomes negative. The structure with a
C-type interfacial layer is particularly interesting, as it can be
obtained from the ideal 2Co/4Pd multilayer structure simply
by interchanging the positions of every fourth Co and Pd
atom in the neighboring interfacial Co and Pd layers. As a
result, Co-rich CgPd, and Pd-rich CgPd; planar alloy lay-

ers appear around the border. The composition of the 0Co/C/
2Pd MLS corresponds to that of 2Co/4Pd; however, it should
be pointed out that the change of the interface microstructure
leads to very large changes in the shape and magnitude of the
MO spectra, as can be seen from the comparison of the 0Co/
C/2Pd and 2Co/4Pd Kerr rotation spectra in Figs. 3a and 3b,
respectively.

The Kerr rotation spectra are modified appreciably upon
addition of one(see Fig. 3bor two (see Fig. 3¢ Co atomic
planes to an MLS with an imperfect interface. In the super-
cells, the Co and Pd planes are separatedAhyB-, and
C-type interfacial layers. The essential points as regards the
modification of the spectra can be summarized as follows:

i) The amplitude of the spectra increases as the amount
of Co increases. In the IR spectral range, the characteristic
features of the Co spectrum become more pronounced.

i) For the supercells containing one planar alloy of
Co,Pd; composition treated as an interface region, the
change of the relative amplitudes of the characteristic peaks
in the UV region upon addition of two Co atomic planes is
clearly visible.

ii ) For the supercells containing as an interface region a
single CaPd, atomic plane or two Cg¢d,/Co,Pd; atomic
planes, the main effect of increasing the number of Co
atomic planes is a shift of the UV peak position to lower
energy. This effect is accompanied by a narrowing of the
bandwidth.

iv) The amplitudes of the spectra in the energy range
above 4 eV are up to 100% higher than those of the ideal
2Co/4Pd and 3Co/3Pd MLS.

From the band-structure calculation results it follows
that the Co and Pd electronic states in the alloy interface
layers are strongly modified by the hybridization. As the vol-
ume in which the hybridization occurs is significantly larger

For a comparison, the corresponding MLS spectra for the ideal modein a MLS with an imperfect interface, the contribution of

nCo/mPd and the spectrum of fcc Co with the same valu§pé as for the

MLS are also showf?

these hybridized states to the MO spectra increases compared
to that for a MLS with an ideal interface. Hence, the simi-
larity between thenCo/A/mPd MLS spectra and the spectra
of Pd-rich CoPd alloy® becomes closer, especially for the

those of the 1Co/5Pd MLS with the sharp interface. It isMLS with a small Co sublayer thickness. Another effect of
interesting that the amplitude of the 0Co/A/4Pd spectrum ignterfacial alloy formation is stronger—compared to that for
about 70% higher than the amplitude of the 1Co/5Pd spedhe ideal MLS—spin polarization of the whole Pd spacer.
trum, despite the higher Co content in the latter. However, inThe averaged magnetic moment per Pd atom calculated for
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the different structures approaches values up to 80% larger N
than those for the ideal MLS models. One can expect that as k
a result of the increased magnetic moment induced on the Pd 0
atoms, they will make larger contributions to the MO spec-
tra. This can be clearly seen in the energy range below 2 eV,
where the Kerr rotation spectra are very sensitive to the Pd
contribution. As was established earltdf? the interband
magnetooptical transitions in spin-polarized Pd give a posi-
tive Kerr rotation in the IR energy range, whereas the tran-
sitions between the electronic states with a large degree of
admixture of Co 8 states result in a negative contribution to
the Kerr rotation in this range, even when the Co states are
considerably modified by the hybridization with Pd states. As
a result of the two compensating contributions, the amplitude 03 +
of the Kerr rotation spectra of the MLS is suppressed in the t + : t t '
IR energy range and the rotation becomes positive in the case 27N Co(3.5A)PA(18.3A)
of 0Co/A/4Pd MLS (see Fig. 3p As the number of Co Salie. W
atomic planes increases, their relative contribution to the 0.1 T
MOKE spectra becomes higher and the Kerr rotation in the
IR range becomes negative, which brings the spectra closer
to the fcc Co spectrum, as can be seen in Fig. 3. A peak
appearing at 1.5 eV in the MLS spectra is evidently related to
the corresponding peak in the fcc Co spectrum.

As is seen in Fig. 3a, in the UV spectral range the con-
tribution to the MLS spectra coming from the interfacial al- 01 +
loy region and strongly polarized Pd atomic planes is also
rather large, contrary to the case for the ideal model of the e Co. . Pd )
MLS, and controls the spectral shape in that energy range. 0.25770.73 ‘b
The observed overall increase of the rotation amplitude -0.2 1 . : : , ;
along the sequence 0Co/A/4Pd, 0Co/B/4Pd, and 0Co/C/2Pd 0 | 2 3 4
is related to an increase of the relative Co content in the Energy , eV
structures, which changes from 8% in 0Co/A/4Pd up to 33% . _
i 0C0/C/2Pd. If one or wo Co atomic planes are included 1 5, Conaisen o s nessred are cokuiaer poy Ko on,
the structures, the relative contribution of Co to the total Kerrang the model 2C6z0,Pdy)/5Pd as well as the ideal 2Co/7Pd MLS model.
spectra increases. Hence, the shape of the spectra beconTas spectra of the film annealed at 800 K and calculated for the model of fcc
closer to that of the fcc Co spectra, and the enhancement @fsordered Co,d, 75 alloy are included?
the Kerr rotation peak amplitude in the UV range can be seen
in Fig. 3b, c. It is worth pointing out, however, that the
MOKE spectra are not simple superpositions of the contriJOKE spectra and as a final test of the assumed interface
butions arising from the constituent sublayers. model, the 3.5 A Co0/18.3 A Pd MLS film was annealed

It was found that of all the model MLS considered, the under high vacuum at 800 K for 5 h. At such high tempera-
models in which the interfacial alloy layer is a Pd-rich alloy tures the diffusion processes are very intensive and the whole
reproduce better the main spectral features of the experimefayered structure is uniformly homogenized, becoming a dis-
tally studied Co/Pd MLS and the tendencies in the modificaprdered fcc alloy film of effective composition géPd, g as
tion of the spectra as the thickness of the Co sublayer inwas controlled by our structural study. The huge changes of
creases. In Fig. 4, the MOKE spectra calculated for the ideahe MOKE spectra after annealing can be seen from Fig. 4.
2Co/7Pd MLS and the 2C@0,Pd;)/5Pd model structure are  The Kerr rotation and ellipticity spectra amplitudes increase
directly compared to the experimental spectra of the 3.5 Asignificantly, and the spectral shape become close to those
Co/18.3 A Pd MLS with sublayer thicknesses closest to thebserved for Co-Pd alloys of comparable Composifﬁ)'ﬁhe
model structure. It is clearly seen that, if the interfacial al-calculated MOKE spectra of disordered GdPd, ;5 alloy
loying is taken into account, the characteristic shape of theaken from Ref. 48 are also included in Fig. 4 for compari-
measured spectrum with the shoulder in the UV range ison. As can be seen, the agreement of the calculated and
reproduced well by the calculations. Also, the amplitude ofmeasured Kerr rotation and ellipticity spectra of the alloyed
the calculated Kerr rotation is close to the experimentallystructure is excellentthe systematic shifts of the spectra on
studied one, unlike the case of the ideal model 2Co/7Pd ML$he energy scale are of common nature for LDA-based cal-
with the same period, for which the amplitude is 50% culations, as was discussed in Sec. 3)1Thus, on the basis
smaller. The enhancement of the calculated amplitude andf the results obtained for the Co/Pd MLS, the following
better agreement with the experiment can be observed alsmnclusions have been reached:
for the Kerr ellipticity spectra. i) the MLS studied have relatively sharp interfaces with

To study the effect of total interlayer intermixing on the a “chemical thickness” of the order of one atomic layer; and
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ii) they can be well described by a model MLS structure  To investigate the influence of composition and local
with an ordered Pd-rich interfacial alloy. environment on the MO properties of disordered allas,

In the real Co/Pd MLS the interface microstructure mayinitio band-structure calculations fardered Co-Pd alloys
be more complicated, and probably only partial chemical or{Co,Pd;s, Co,Pd;;, Co,Pd,, Co,Pd,,, CoPd, CosPd,,
dering occurs. As was inferred from the x-ray diffraction Co,Pd;, Co,Pd;, and CqPd,) have been performed. This
data, the Co/Pd MLS studied have well-defined layeredsequence corresponds to a variation of the Co content in the
structure. Nevertheless, some intermixing at the interfacgange of 6-50%. For G&d, and CqPd; alloys the
during the deposition of the Samples is very probable. ThIS\uCu (L]_O) and AUClé(LlZ) structures, respective|y’ were
effect leads, in turn, to higher induced spin polarization in 8agssumed. The supercells for all the other alloys except
larger volume of Pd and makes the whole volume magnecq,pd,; consist of two or more adjacent fcc unit cells with
tooptically active. The results obtained allow us to explainco and Pd atoms distributed over nonequivalent atomic po-
the origin of the observed MOKE spectra of the MLS and t0gjtions according to the specific alloy composition. For the
understand why the thickness of the so-called “magnetic INTo,Pd, and CqPd;s alloys both cubic and tetragonal super-

terface” can be larger than that of the “crystallographic” .q|is were constructed, whereas for the,P, alloy a hex-
one, as was recently reported for other Pd-based multilayeregy,na1 ynit cell was used. The lattice constant for all the
systems? The conclusions are also consistent with the re-a”()yS has been chosen to correspond to the experimental
sults derived from the phenomenological multireflection apP-yatast

proach, not presented here, which indicate that the Pd spin
polarization extends through a depth of the order of four Pddet

atomic layers.

As was mentioned above, the magnetooptical effects are
ermined by the dielectric tensor componests. This

. . : YP=e;zt el
In conclusion it should be pointed out that in the Co-pg'ensor can be represented as a Sapteap OF WO

systms the MOKE & govermed by e of-iagonalpart of 1 115 40 ST etieics e riymtionag.
the optical conductivity tensor. It was found that @deinitio P P 9 .

calculations performed for model Co/Pd MLS with sharp's’ the relat|ons(92B(M)=sZﬁ(—M) and 825(_M)%—83g
interfaces reproduced the main peculiarities of the experi-x(_M) _hOId’ wh_ereM deanotes the magnetization vgctor.
mental Co/Pd MOKE spectra only moderately well. It is 1N antisymmetric parte,; can be expressed as,,
shown that the main peculiarities and the tendencies in th& '€asy9y: wheree,, is the antisymmetric p&_;seudo-tensor
modification of the MLS spectra with variation of the Co @1dJ, is a component of the gyration vecigr
sublayer thickness are adequately reproduced when the al- FOr most materials the relatid| <detle;,j| holds and
loying, even limited to one atomic plane, is taken into ac-€XPressions for all nonreciprocal magnetooptical effects,
count. The MOKE spectra calculated for the model struc/neasured usually as a difference quantity with respect to a
tures with ordered G@d; interfacial planes reproduce the reversal of the magnetization, can be decomposed into the
measured spectra best. The results obtained demonstrate tR&duct of the complex numbegg and some function de-
interface microstructure plays a crucial role in the formationpending on the optical part of the dielectric tensgy, as
of the MOKE spectra of the Co/Pd layered structures. well as the light propagation and magnetization directions
(see, e.g., Ref. 25

It should be noted that although the optical part of the
dielectric tensor may play a crucial role in the MO spectra

In real MLS systems, chemical and structural disordefgrmation, as, for example, in CeSbpr may exhibit a no-
often occurs at the interface. These effects can be examinggegple anisotrop¥’ this is not the case for the Co-Pd com-
using model disordered alloys. _ _ pounds investigated here. It was found that in the energy

The description of the magnetooptical properties of dange 0.5hv<6eV the calculated componentszﬁ are

disordered system ona microscopic level and understanding,,qoth and exhibit only a very weak dependence on both the
of the effect of chemical order and crystal symmetry on thes@emical ordering and the alloy composition. Moreover, for

properties are of great importance. The most powerful aPfhe uniaxial model structures the optical anisotropy defined

sroac(:jh tod calclg(jlat|_ngt:]he elﬁCtroTC s;ruc?ulre of rar)dor:jlyas op=(e, —¢|)/e does not exceed 5%. Here we denoted
Isordered sofids 1S Ine conherent potential approxima 'One=1/3(2.ef+aﬁ), wheree ande; stand for the main opti-

(CPA) in connection with the Korringa—Korr—Rostoker cal dielectric tensor components corresponding to the light

method of band structure calculatigikKR-CPA).5* Within 9 9

. . o L olarization perpendicular and parallel to thdold symme-
this formalism a quantitative description of such phenomen{l) :

. . . ry axis (c) of the crystal. Thus, all features of the MO spec-
as magnetoresistariteand x-ray dichroisiir has been ob- tra of the Co-Pd compounds are determined by the function
tained. In both cases the central quantity to be calculated is pou ! Y uhctl
the optical conductivity tensér.Unfortunately, techniques g(w')a\. tioned ab lculati involved both
for dealing with that quantity for finite light frequencies in AS was mentioned above, our calculations Invoived bo
the optical regime have not yet been developed. For tha(be'C and uniaxial models. For the crystal with Cubchsym-
reason the theoretical investigations of the optical and magMetry the dependence gfon the magnetization directidrt
48 was done using the supercell approximation. To test thable. Uspenskikt al>® have shown that, up to the second
theoretical approach, the MOKE spectra for a set oforderthein sp!n—orblt coupling strepgth, this dependence can
CoPd;_ polycrystalline alloy films withx=0.13, 0.22, be expressed in terms of the gyration vecgrandg, cal-
0.31, and 0.44 have been also measured. culated for the casedlic andM L c, respectively:

3.2. Co,Pd;_, alloys
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FIG. 5. Orientation dependence of the &fg(w) spectra for the Cd;,
Co,Pd; and CqPd;s. All spectra were convoluted with a Lorentzian of
width 0.5 eV*®

g=M (g, cog 6+g, sir? 6)+A(g,—g, )sin g coss,
(13

wheref stands for the unit vector orthogonal b and lying
in the same plane ad andc, andd s the angle between the
magnetization vectoM andn-fold symmetry axisc.

Figure 5 presents the calculated &fg(w) and
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FIG. 6. Effect of the chemical order on the calculatet(w) spectra of
Coy 24P ch 75 alloy.*®

UV maximum shifts to lower energy and in gy the band
becomes broader. In both alloys the structure~dt5 eV
becomes less pronounced.

To study the dependence of the MO spectra on chemical
ordering, let us consider the results for alloys with 1:3 sto-
ichiometry. Calculations were done for the cuhit, phase
and for the tetragond0,,, D0,3, CosPd,, and second kind

Im w?g, (w) spectra for a selected set of uniaxial crystals.0f Co,Pdi, supercells. Tetragonal supercells ;€d; and

One can see that for @®d, and CgPd; the orientation de-

Co,Pd;, consisting of one and two more central planes, re-

pendence of the gyration vector is rather strong and manispectively, as compared to tl¥,, structure were used. All
fests itself in changes of the relative magnitude and energihe alloys have the same nominal composition of £&8ch 75
location of both the IR and UV maxima. The feature at 2.5but differ in the symmetry and local environment of the Co

eV in the g,(w) spectra disappears completely fiok L c.
For the more diluted tetragonal g, alloy the orientation

and Pd sites. While all these structures have identical first
neighbor coordinatiofeach Co has 12Pd neighbors and each

dependence of thg(w) spectra was found to be relatively Pd has 8Peét4Co neighborg there are differences in the

weak, and it practically disappears for £ 5 (see Fig. 5.
The same tendencies were found also for thewRjw)
spectra.

second atomic shell. For thel,, D0,,, andD0,; cells each
Co has 6Co, 4Co2Pd, and 5Ce 1Pd second neighbors
with local site symmetryO,,, D4, andCy,, respectively.

To take into account the effects of random orientation ofThe atomic coordination around Pd in the second shell con-

microcrystals in the alloys studied, we have to average Ecpists of 6Pd for the.1, structure, while there are two in-
(13) over different relative orientations of the crystal axesequivalent Pd sites foD 0y, (with 6Pd and 2Ce-4Pd and

and magnetization direction, which gives

1
9*(@)=3[29, (@) +gy(@)]. 14

The main effect of the averagin@ee Fig. % on the

for D0O,; (with 6Pd and 1Ce&5Pd. These three structures
will be taken as basic because the other structures studied,
like CoPdy and CqPd;,, are composed of various numbers
of the above described nonequivalent Co and Pd sites.

In Fig. 6 the spectra of the imaginaf@) and real(b)
parts of w?g(w) are shown. For C#d(DO0,,) and

Co,Pd, spectrum is a change of the band shape in the U\NCo,Pdy(D0,,) alloys w?g®(w) is presented. As a result of
range as compared to the spectrum calculated with the maghe change of the atomic arrangement and accompanied low-
netization directed along theaxis. The position of the main ering of the symmetry of the local sites along the sequence
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L1,—D0,,—DO0,3, the spectra become less structured and 0.1
the peaks broaden, as can be seen, for example, by compar-

ing the Rew?g(w) spectra in the spectral range up to 3 eV.

This effect apparently arises from the fact that lowering of 0
the local symmetry of atomic sites generally leads to the
appearance of an increasing number of nonequivalent inter-

band transitions, with their contributions to the MO spectra 0.1 +
spread out over a wider energy range. It was found that the
resulting w?g®(w) spectra calculated for GBd, and
Co,Pd;, alloys can be well reproduced by averaging the ba-
sic L1,, D0,,, and D0,3 spectra, weighted by the corre-
sponding numbers of equivalent sites in these structures.

To estimate thew?g®(w) spectrum of the disordered
Coy 5Py 75 alloy it is necessary to adopt a procedure of av-
eraging the spectra over possible atomic arrangements. Here
the simplest assumption was made: that the basic cells ap-
pear with equal probabilities and that the contribution of
each cell to the spectrum is proportional to its number of
atomic sites. On this basis the averaged spectrum was ob-
tained as the weighted average of thk,, D0,,, andD0,;
spectra with weights of 1, 2, and 4, respectively. As a result
of the configuration averaging, the spectrum becomes less

-0.1

Polar Kerr rotation , deg
=

Experiment

02+

! Il ! Il
T T T T

structu.red and is closet to the spectrum of EH&,; structure. 0 1 5 3 4 5 6
(see Fig. 6. It can be concluded that for the alloys studied Photon energy , eV

the local atomic arrangement and site symmetry control the
MO properties.

To discuss the composition dependence of the MO prop-
erties of the alloys under consideration, we focus here on the
polar Kerr rotation spectra, because they are the quantities
measured directly in the experiment. If the optical anisotropy
6, Is small, the complex Kerr rotation angle, neglecting the
second-order quantitig®3, 5,9, andg?), has the form

b= +ine=gl[Ve(1-€)]. (15)

Equation(15) is linear with respect tg and this allows
us to use for the uniaxial systeng$8" instead ofg. To take
into account finite-lifetime effects the calculated spectra
were convoluted with a Lorentzian of width 1.0 eV. Calcu-
lated polar Kerr rotation and ellipticity spectra of Co-Pd al-
loys of different compositions are shown, together with ex-
perimentally measured ones, in Fig. 7. To take into account
the decrease of Curie temperature for diluted alloys, all ex-
perimental spectra have been scaled with the factor
M 4.5/ M3q9, WhereM,, and M 5qq are the magnetization at
4.2 K and 300 K, respectively. Both experimental and theo- — x=044
retical data exhibit the same features. As the Co content di-
minishes, the magnitude of the rotation angle in the energy
range 2.5-4.5 eV decreases. The shoulder~at5 eV, : : t
clearly seen in the¥ spectrum of CgPd; alloy, disappears 0 1 2 3 4 5 6

P ; Photon energy , eV

completely in diluted alloys, and the Kerr rotation changes
sign below~2 eV. In the UV range, the peak centered at 4giG. 7. comparison of the calculated and experimental polar Kerr rotation
eV in CoPd, transforms into a broad two-peak structure. (@ and ellipticity (b) spectra for different compositions of the Co-Pd
Also, a shift of the Kerr ellipticity zero-crossing to higher alloys®
energy with decrease of Co content is observed, as well as a
diminishing of the amplitude at-5 eV. However, the calcu-
lated peak positions of both the Kerr rotation and ellipticity It is interesting to note that the calculated MOKE spectra
are shifted slightly to higher energies with respect to theof Co,Pd,;, Co,Pd;,, CoPd;;, and also CgPds alloys are
experimental ones. The discrepancy is apparently due to elose to each other, although the Co content in the alloys
drawback of the LDA-based calculations which has recentlydecreases from 16.5% to as low as 6%. From this one can
been discussed extensively in the literat{fr& conclude that the MOKE spectra of diluted Co-Pd alloys are
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determined to a great extent by the MO properties of spin- 0

polarized Pd. This is in line with the relatively large average g'gg'g

Pd magnetic moment obtained from the calculati¢es., o0 -0.17 R 8 . 69/12.5
0.24ug/atom for CqPd;s), which depends weakly on Co S ool =;-:”nm,,xX ¢ 9.0/144 o«
content in the Co-Pd alloys. o Contennaggg, My 7 1897143/

It should be noted that the theoretical spectra shown in -3 _g 31 Toneeneecclipy, 1, CO A
Fig. 7, except for the spectrum of g@Pd, ;s have been 3 "ut, T
obtained for one specific atomic arrangement. In Fig. 7 the ~ 0.4t e l,.l;:5°
theoretical spectrum for Gg{fd, ;5 obtained as the i by .s,!z:"s
weighted average of the spectra fot,, D0,,, and D0, 0.5 i a
structures according to the procedure described above, is pre- t ’ : ‘ :
sented. As a result of the averaging over different atomic 0.2+ b
configurations, the MOKE spectrum of gePd, 75 becomes op ::'"""““m!sg
less structured, and the minimum in the polar Kerr rotation = o+ 555;
spectrum, centered at about 4.5 eV in the orderegPGo = , e

. . 3 v 46/13.6 °
—L1,, transforms into a broad structure like that observed £ _024 . 55455
in the measured spectrum of the disordered &od, ;g alloy 5” o 69/12.5
film. 04l ¢+ 90144

It can be concluded that the MOKE calculations in ' = 189/143
which the effects of random orientation of microcrystals 06 - CI" . . .

(W o
(o))

and/or chemical disorder are taken into account reproduce U0 1 > 3 2
well the experimental spectra of the Co-Pd disordered alloys
and the dependence of the spectra on the composition. The
optical part of the dielectric tensor of these compounds deFIG. 8. Experimental pglar Kerr rotatio_(a) and ellipticity (b_) spectra of
pends very weakly on both the alloy composition and Chemi-C_O/Pt MLS and fcc Coﬁ{llm. Sublayer thicknesses marked in the pattern are
; . . iven astco(A)/tp(A).
cal ordering and does not show noticeable anisotropy for thé
uniaxial crystals. Moreover, its frequency dependence is

structureless, and all features in the magnetooptical spectra

are determined by the gyrotropic part of the dielectric tensor@MPlitude continuously diminishes with decreasing MLS Co
sublayer thickness. The UV peak varies slightly in energy

which exhibits a considerable orientation anisotropy increas="""“ Y X
ing with the Co content. pqsmon from 4.1 eV_ to 3.9 eV with increasing Co sublayer
thickness. The amplitude of the UV peak exceeds that of the
peak centered at 3.7 eV of the pure Co film and depends
relatively weakly on the composition of the MLS studied.
The characteristic feature in the Kerr ellipticity spectra is
the shift of the zero-crossing from 1.5 eV in the pure Co film
. . . to 3.7 eV in MLS with decreasing Co sublayer thickness and
A detalled_ experimental study of the MO propertle_s of the formation of a positive peak around 3 eV. The prominent
Co/Pt MLS using MOKE spectroscopy has been done in the . . S
. . . ._minimum of the Kerr ellipticity centered at 4.9 eV observed
Ref. 74 for the series of sputter-deposited MLS listed in. N . : o
Table Il in the Co film is presumably shifted in position to the photon

. o energy regioni w>5.5eV, inaccessible in the present ex-
The measured polar Kerr rotation and ellipticity spectra gy reg @ P

: - eriment.
of the Co/Pt MLS studied are shown in Fig. 8. All of the P The optical properties of the MLS, in the form of the
samples measured possess well-defined MOKE hysteres&)e '

. . - ctral dependencies of the diagonal component of the ef-
curves with saturation characteristics, and all of theand fective optical conductivity tensow,, are shown for the

7k Spectra were measured under saturation conditions. Thr%al U%() and imaginary partr&zx) in Figs. 9a and 9b, respec-

Kerr rotation spectra display two well-known features. Theretively. For clarity the spectra of only three samples are

's a prominent broad, negative peak in the UV region and Zhown in the pictures; the other MLS spectra lie in between

smaller one in the IR part. The IR peak, centered at 1.5 eV, i . S
; S . em. As is seen from the results, generally there is little
most prominent for a pure Co thick filfl,and for MLS its . ; . . s
difference in the absorptive part of the optical conductivity
o) for all MLS studied. The magnitudes of the spectra
TABLE IIl. The parameters of the Co/Pt MLS studied. No. is the sample rOUth_y scale with the t_hickness of Co _SUblayerS- The corre-
number,Nayersis the number of bilayersc(tpy is the measured thickness sponding spectra of thick Co and Pt films prepared by the
of the Co(PY sublayer* same technique are shown for comparison. It can be ob-

served that ther{)(w) curves for the MLS do not lie be-

4. MAGNETOOPTICAL PROPERTIES OF Co/Pt
MULTILAYERS

4.1. Experimental results

No. Njaver teo, A tpe, A .

° favers © i tween those for Co and Pt in the energy range 2-5.5 eV.
1 50 4.6 13.6 Several reasons can be considered for this difference. A com-
2 47 58 15.2 mon problem in metal optics is the great sensitivity of the
3 43 6.9 12.5 . 49

4 40 9.0 14.4 optical constants to the state of the sample surface.

5 33 18.9 143 Another cause can be the fact that the optical properties

of thick metal films are slightly different from the ones for
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FIG. 9. The absorptivéa) and dispersiveb) parts of the diagonal compo-
nents of the conductivity tensor for Co/Pt MLS and Co and Pt films, deter-
mined from the ellipsometric measuremeffts.

FIG. 10. The contribution to the Kerr rotation spectra from the diagonal part
of the conductivity tensofsee text (a) and the absorptive part of the off-

diagonal componem)a)(fy) (b), determined from the ellipsometric and the

complex polar Kerr angle measurements for Co/Pt MLS and Co’film.

the MLS constituent sublaye?$.In other words, for indi-
vidual layer thicknesses of a few atomic monolayers the ef-  Thus it can be concluded that the peak observed in the
fective dielectric constants of the medium differ from the |R part of the Co/Pt MLS polar Kerr rotation spectra can be
dielectric constants of the bulk or thick-film material. Be- related mainly to the MO activity of Co. On the contrary, the
sides, the response of an ultrathin medium to an electromageak observed in the UV region is for pure Co connected
netic wave is substantially influenced by the electronic interrather with the peculiarities in the diagonal part of the con-
action with adjacent layers. ductivity tensor, while for Co/Pt multilayers it is governed by
The spectra of the dispersive part of the optical conducthe off-diagonal component of and originates from the
tivity tensor o> are also weakly dependent on the MLS Co-Pt interaction at the MLS interface.
composition and lie in between the spectra for thick Co and  The multilayer MOKE spectra measured are qualita-
Pt films. tively similar to the spectra which have been published for
To separate the contribution to the MOKE coming from Co/Pt MLS prepared by different techniques and for random
the diagonal and off-diagonal conductivity tensor compo-fcc Co-Pt alloyé-?224%2-64and all exhibit similar MOKE
nents the function®=4n[w?(sx,—1)Vey] * has been enhancement in the UV region.
evaluated from the optical measurements. The real part of the
function®®) is shown in Fig. 10a. It has been found that for
the compounds under consideration, the produsb@ and
woly) gives the main contributiofr>80%) to the polar Kerr In order to reproduce the electronic structure of the in-
rotation spectra. It should be noted that this function is nearlyerlayer interface, band-structure calculations of some model
flat over the investigated spectral region for all the MLSordered Co-Pt alloys and MLS with various layer thicknesses
studied and depends weakly on their composition. On thevere performed in Ref. 74. Aabcabcstacking sequence of
contrary, the shape and amplitude of tHeY spectrum close-packed planes corresponding to the (fidd-texture
change significantly in the case of the Co film. As a consewas assumed for all the MLS structures except for 1Co/1Pt
quence, the absorptive part of the off-diagonal component ofor which theabababstacking was also studied. No attempt
the conductivity tensorcpaffy), presented in Fig. 10b for the has been made to optimize the interlayer spacing, which was
MLS studied, is in its overall form unexpectedly similar to taken to be corresponding to the idesl ratio. Ordered
that of the polar Kerr rotation, whereas for the case of pureCoPt, and the CgPt alloys were calculated in the GAu
Co the shape of the polar Kerr rotation andrg,) differ  crystal structure, while for the CoPt alloy the AuCu structure
significantly. Inspection of these curves shows that the preswvas used. For all the compounds the mean volume per atom
ence of Pt leads to strong enhancemenmofxzy) in the UV was chosen to be equal to the average of the atomic volumes
range. The measured enhancement of the polar Kerr rotatiasf pure fcc Pt and hcp Co, with the experimental lattice
is much smaller because of the corresponding increase of tlenstants. The radii of the Co and Pt atomic spheres were
diagonal part ofo (see Fig. 10a chosen equal to 1.46 A.

4.2. Theoretical results and discussions
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FIG. 11. Spin- and site-projected densitiesdétates[in units of states/ FIG. 12. Spin- and site-projected densities af states (states/
(atomspin-eV)] for Co and Pt in 1Co/1Pt, 2Co/1Pt, and 1Co/2Pt multilay- (atom spin-eV)) for Co and Pt in CgPt, CoPt, and CoRtlloys. The solid
ers. Full and dotted lines correspond to majority and minority spin statesand dotted lines correspond to majority and minority spin states,
respectively; the dashed line marks the Fermi enétgy. respectively’*

The characteristic feature of the electronic structure ofcompared to the Co/Pt MLS, the electronic structure of the
Co-Pt multilayers and alloys is the strong hybridization ofalloys depends much more strongly on the alloy composi-
Co3d and Pt4l states, the later being much more delocal-tion. Variation in the relative positions of the Co and dPt
ized. Figure 11 shows the spin- and site-projected densitielsands affects the Cd— Ptd hybridization. The valence band
of the electronic state®OS) for Co and Pt site in 2Co/1Pt, width is larger in the Pt-rich alloys because of the larger
1Co/1Pt, and 1Co/2Pt multilayers. The valence band width imumber of Pt nearest neighbors surrounding the Pt site.
the MLS is mainly governed by Ri—d hybridization in the The calculated spimg and orbitalm; magnetic moments
close-packed planes consisting of Pt atoms and varies modf the Co-Pt multilayers and alloys are summarized in Table
erately with an increase of the Pt sublayer thickness. ThéV. Both the spin and orbital moments at the Co site in the
strong spin-orbit interaction in the Pt atomic sphere results iMLS are bigger than in bulk hcp Co with the experimental
splitting of theds, andds, states, with the energy difference
between their centers beingl.5 eV. Inside the Co atomic ) ) )
sphere the effect of the spin-orbit coupling is much WeakelZFABLE IV._CaIcuIated spinmg and o_rbltalml magnetic moments of the

. R 0-Pt multilayers and alloys. Values in parentheses correspond to the atoms
than the effect of the effective magnetic field. The centers Oﬁ the layer below the interface. The magnetic moments of hcp Co with the
both Ptds, and dg, states lie at lower energies than the experimental lattice constaat=2.507 A are also giveff
centers of the corresponding Co states. As a result of the Cs

d—Ptd hybridization, the electronic states at the bottom of mg(ug /atom) m;(ug /atom)
the valence band are formed mainly by Pt states, while the System Co Pt Co Pt
states in the vicinity of the Fermi leveEg) have predomi-
: . hcp Co @=2.507A) 1.559 0.079
nantly Cod character with an admixture of Etstates. The hep Co 1716 0.130
hybridization with the exchange-split Gb states leads to a fce Co 1731 0.115
strong polarization of the Rt states neaEr. The resulting 2Co/1Pt 1.776 0.183 0.098 0.019
difference in occupation numbers for Pt states with the op- 1Co/1Pt 1.752 0.255 0.089 0.028
posite spin projections gives rise to a comparatively large 1Co/2Pt 1.880 0.207 0.099 0.022
: . . 4Co/2Pt 1.810  0.192 0.103 0.018
spin magnetic moment at the Pt site. (1.739 (0.104
In the case of the 4Co/2Pt, 2Co/4Pt, and 1Co/5Pt MLS 2C0/4Pt 1.765 0154  0.095 0.016
the DOS curves for Co and Pt sites at the interface are simi- (0.049 (0.003
lar to the curves shown in Fig. 11. The DOS projected to a 1Co/5Pt 1.869 0.175  0.090 0.018
site in the interior of the sublayer is close to that of the (0.058 (0.008
ding bulk metal CogPt 1.735 0.339 0.087 0.083
corresponding bul - _ CoPT 1681 0321 0090  0.048
Calculated spin- and site-projected DOS curves for or- CoPt, 1.607 0.199 0.027 0.035

dered CgPt, CoPt, and CoR#lloys are shown in Fig. 12. As
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FIG. 13. Experimental and theoretical polar Kerr rotation spectra of*Co. \\ \-“‘T"-\_ T %gogtgt :
The theoretical Kerr rotation spectra of fcc Co calculated using the experi- 10 + N ~, T o/oPt
mental lattice constant and with the plasma frequency in the Drude term Co fee
taken from the calculation@ashed curve with iw,=5 eV (dotted curvg,
and calculated using the same lattice constant as for the Co/Pt(stl®
curve. Experimental spectra are shown by circlpsesent work squares N
(Ref. 68, and trianglegRef. 21). Sy

10" 71

lattice constant. Nevertheless, from a comparison with the
values ofmg andm, calculated for either hcp or fcc Co with
the lattice constant used for the MLS it follows that the en-
hancement of the moments is mainly due to the lattice ex- 10 +
pansion. In contrast to the case of the MLS, the Co and Pt
magnetic moments in the Co-Pt alloys decrease with increas-
ing Pt content.

When studying the MO properties of the complex Co-Pt >
compounds it is natural to consider as a reference point the )
properties of pure C& %" The calculated energy depen- c
dence of the polar Kerr rotation angle of fcc Co with the 0
lattice constana=3.539 A corresponding to the experimen- 0 1 2 3 4 5 6
tal value for hcp Co is shown in Fig. 1@lashed ling A Energy , eV
compari_son with the experimental d&t§® shows that the FIG. 14. Theoreticab-)) spectra of the Co-Pt multilayeta, b and alloys
calculations reproduce correctly the overall shape of thec).™
spectra but the UV peak is shifted by about 1 eV to higher
energies. The discrepancy is similar to that observed in the
theoretical Kerr rotation spectra of N and is apparently
due to a failure of the LSDA to describe correctly the width ues of the intraband conductivity are small, its relative con-
and the spin splitting ofl bands in ferromagneticdBmetals.  tribution is significant. The calculated plasma frequency of
Better agreement with the experiments is obtained for théicp Co with the experimental lattice constant was found to
Kerr rotation calculated with a larger lattice constamt be 7.2 eV, while the experimental value for the hcp Co single
=3.734A, which is equal to the value chosen for all thecrystal is~5 eV>’ Such a discrepancy is in agreement with
model MLS studiedsee the solid line in Fig. 13The in-  the previous observati6hthat the calculated values of,
crease of the lattice constant results in a narrowing ofdthe are, as a rule, 20—50% higher than the experimental values.
band and, consequently, in an energy scaling of the calcuFhe polar Kerr rotation calculated withw,=5 eV is shown
lated spectrum. The same tendency has been observed rint the dotted line in Fig. 13. The use of the smaller value of
only for pure Co but also for Co-Pt alloys and multilayers. w, leads to a better agreement with the experiment. Never-

Although the lattice expansion removes the shift of thetheless, it was not possible to achieve close agreement with
peaks, the calculated amplitude of the peak at 2 eV remaingxperiment in the IR range by varying the Drude constants
smaller than the experimental one. To elucidate the reasoover reasonably wide limits. It has been found that for Co-Pt
for the discrepancy in amplitudes, the dependence of thewltilayers and alloys the dependence of the MOKE on the
MOKE spectra on the intraband part of the conductivity ten-intraband contribution is much weaker, and in the following
sor was examineff. It was found that in the case of pure Co we use the calculated values @f, to evaluate the intraband
the Kerr rotation is rather sensitive to the valuesyaind wf) conductivity.
for energies up to 5 eV. Variation of the values changes the Theoretical results for the absorptive part of the conduc-
amplitude and the position of the UV peak as well as of thetivity tensoroY for fcc Co, Pt, and some model Co-Pt mul-
peak at 2 eV. The sensitive effect of the Drude term on thdilayers and alloys are shown in Fig. 14. For energies higher
UV peak is due to the interband contribution dg, being  than 1.5 eV therg) curves of the MLS and the alloys have
small in this energy range. Thus, although the absolute valsimilar energy dependence and fall within the range between
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o~ —=—— 2Co/IPt sists of 2Co/1Pt, 1Co/1Pt, and 1Co/2Pt multilayéFsg.
E «=+=1Co/1Pt 153, which have no more than two consecutive planes of
104 , ‘.\ """" é%oéggt equivalent atoms. For these MLS the energy dependence of

wa?) varies strongly with MLS composition, with the abso-
lute values ofwcrf(zy) being significantly larger compared to
Co. In the case of 2Co/1Pt and 1Co/1Pt the curves have
similar shape, butuog,) of the latter is~1.5 times greater.
The position of the peak at1.5 eV is not altered compared

to Co, while the feature at3.5 eV is shifted to lower ener-
gies by 1 eV, and an additional peak appears around 5.5 eV.
-5 } t t ; } There are two maxima iraocrg) of 1Co/2Pt, which lie at

§ T Al approximately the same energies as in Co, but their intensi-
o4 e 1Co/5Pt ties are 2_t|m§s h_|gher_. _ _ _

Co fec The situation is quite different in the case of multilayers
with greater sublayer thickne$Big. 150. Some increase in
wal?) is observed only for 4Co/2Pt MLS, with the shape of
the curve being similar to that of Co. Theo?) curves of
2Co/4Pt and 1Co/5Pt lie very close to each other and are
reduced compared tO)O'g,) of Co in the energy range of
2.5-4.5 eV. It should be noted that the last two MLS have
Co and Pt sublayer thicknesses which are close to those of
experimentally studied films.

Our results for 2Co/1Pt and 2Co/4Pt multilayers are
somewhat different from those given in Ref. 70. The discrep-
ancy is partially due to slightly different values of the struc-
tural parameters. Nevertheless, calculations performed with
the same parameters as in Ref. 70 show that the difference
between the two calculations disappears only when the com-
bined corrections to the LMTO Hamiltonian and overlap ma-
trices are not included. This is not surprising, because even
with the current-density matrix elements computed accu-

6 rately, the neglect of the combined-correction terms affects
the calculated conductivity tensor via changes in band ener-
i . ies.
FIG. 15. Theoreticabo?) spectra of the Co-Pt multilayeta, b and alloys 9
©.7 xy 5P Y Y The calculated»o3) curves for model alloys are shown

in Fig. 15¢. The common feature of all the spectra is a strong
enhancement ok o) in the energy range 4-6 eV. Of the
the o) curves of bulk Co and Pt, the conductivity of Co- three curvespo?) for CoPy is of a different shape, with
rich MLS being closer tar{} of Co. two distinct maxima at-1.5 eV and 5 eV, the amplitude of
The calculated dependence @fY) on Co contents cor-  the latter being more than three times greater than the feature
relates well with the data obtained from the ellipsometricin the spectrum of Co at4.5 eV.
measurements of Co/Pt multilayers with different Co layer It has been shovf#® that in pure 3 metals the off-
thickness. Although the calculations givey) of a higher  diagonal conductivity is proportional to the strength of the
amplitude than the experimental data, the theoretical resultspin-orbit coupling. In transition metal compounds, however,
reproduce the changes ofl) with the variation of the Co the dependence of the MO properties on the spin-orbit cou-
sublayer thickness. Of all the MLS considered, on&) of pling and effective magnetization of the constituent atoms is
4Co/2Pt has a subtle feature-ab eV corresponding to bulk far more complicated To understand this better, model cal-
Co. The fact that ther,, curves of the Co-Pt compounds of culations were performed with the spin—orbit coupling set to
different composition and of different chemical ordering zero on either the Co or the Pt site. It was found that
have similar shapes with no pronounced features suggestswitching off” the spin—orbit coupling inside the Co
that, unlike the case of bulk Co, the two-peak structure of thetomic sphere affects the off-diagonal part of the conductiv-
polar Kerr rotation spectra of Co/Pt MLS comes from theity tensor only slightly, while neglecting the spin-orbit inter-
energy dependence of the off-diagonal part of the conductivaction in the Pt sphere results in a strong decreasm(ﬁf/).
ity tensor. These results are in qualitative agreement with those ob-
The results of the calculations of the absorptive part oftained by the authors of Ref. 72, who also observed a strong
wa,, of Co-Pt MLS and alloys are shown in Fig. 15. The dependence obo'?) on the value of the spin-orbit coupling
caIcuIatedwof(zy) of pure fcc Co is shown for reference by at the Pt site. We also investigated the effect of excluding the
the solid curve in all figures. All the compounds can be di-matrix elements of the effective magnetic field at the Co and
vided into three distinct groups according to differences bePt sites from the LMTO Hamiltonian. When the matrix ele-
tween theirwag} and that of pure Co. The first group con- ments on the Co sphere are zero, the off-diagonal part of the
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conductivity decreases drastically. At the same time, 0.2

“switching off” the effective magnetic field at the Pt site 1

produces a negligible effect on thes(}) spectra. Thus, a °7T

strong spin-orbit coupling at only one of the nonequivalent 024

atomic sites and a large value of the effective magnetization l

at the other can be sufficient for alloys to manifest strong 0.4+ L
MO activity. . T T

In addition, it has been found that the dominant contri- 064 ~TT72CUIPL ey S
’ - =-=1Co/1Pt ~.7

bution to thewo ?) spectra in the energy range of interest 1

(1-6 eV) comes from transitions to unoccupied states lying _8'2 1

in a rather narrow energy interval efl eV just above the )
Er. At the same time, these transitions give a relatively 0+

small contribution to the diagonal part of the optical conduc- _%D 1
tivity. As has been mentioned above, the electronic states in o 021
the vicinity of theEg are formed by strongly hybridized Co g ]
d and Ptd states. g 047
. . . " = { -=-- 4Co/2Pt
It is worthwhile to note that in the case of transition- E 06+ ----2Co/4Pt
metal compounds, the wave functions of the initial and final ] e 1Co/5Pt
states involved in an optical transition are delocalized. Con- 08+ Co fee
sequently, it is difficult, if possible at all, to separate the 0.2
contributions of any intra- or interatomic transitions to the T
MO spectra. The assumption that the enhanced MO effects in 0T
Co-Pt compounds are due to @e Ptd hybridization allows ]
. . 0.2 1
one to explain the relatively smafas compared to Co-Pt |
alloys) magnitude of the calculate@o?) in 2Co/4Pt and 04+
1Co/5Pt multilayers. In these MLS there are Pt layers con- .
sisting of atoms which have Co atoms among neither the first 06T
nor the second nearest neighbors, and the contribution of 08 1

these layers tavo(y) is small. However, switching off the
spin-orbit interaction for these atoms leads to a rather strong 0
change in the spectrum. Neglecting the spin-orbit coupling
for Pt atoms only at the Co-Pt interface leads to relatively
pronounced Changes' but the magnltudeamfg(i) remalns E)I(Zn§6a”-(|;32(%r)e}‘|‘cal pO|ar Kerr rotation spectra of the Co-Pt mUltilaw’rS
considerably higher than the magnitude«$;) calculated '
with the spin-orbit interaction at all Pt atoms set to zero.
Some calculated polar Kerr rotation spectra are shown in bl tion that a Co-Pt allov is f d at th
Fig. 16. From a comparison with the experimental MOKE'rr?taesr?;cae € asstumption that a ©.o-t afloy IS formed at the
spectra of the Co/Pt MLS shown in Fig. 8 it can be seen thal o . .
. . It is interesting to compare the results of our calculations
the calculated spectra of MLS do not satisfactorily reproduce . : :
i . ith the recently published polar Kerr rotation spectra of an
the experimental data. The magnitude of the calculated.

) . artificial Co;Pt alloy film.”® X-ray diffraction data show that
MOKE spectra of ZCO/4P.t aqd .1.C0/5Pt MU(Big. 16 in fter annealing at 650 K the alloy consists of alternating
the energy range 3-5 eV is significantly smaller than that OE

hi h fth . le of equence of close-packed Co and CoPt planes with an hcp-
pure Co, while an enhancement of the rotation angle o MLqike stacking. Because of the well-defined order along the

versus pure Co is observed in the experiment. The enhancgyy oia1ographicc direction, the structure of the alloy is
ment is indeed found for Co/Pt MLS with smaller sublayer yiper close to that of the model 1Co/1Pt multilayer. Never-
thickness(Fig. 160, but in contrast to the experimental data theless, because of the different compositions of the two
the peak is shifted to lower energy with respect to its pOSitiorbompounds, the direct comparison of the experimental
in Co. Surprisingly, better agreement with the experimentally;,q calculated MOKE spectra should be made with care.
observed MOKE spectra is observed in the case of Co-Pfne calculated MOKE spectra of 1Co/1Pt multilayers with
alloys (Fig. 169. The calculated spectra reproduce fairly ghapaband abcabclayer sequences are shown in Fig. 17
well both the increase of magnitude and the shift of the UVtogether with the experimental spectra. Except in the IR
peak to higher energies. range, the calculated spectra are similar, with slightly differ-
The discrepancy between the experimental Kerr rotatiorent amplitudes. Both theoretical spectra have a peak3at
spectra of Co/Pt MLS obtained in the present work and theV which is clearly seen on the experimental curve. A 5-eV
calculated spectra of the model Co/Pt multilayers may be dugeature in the experimental spectrum is also reproduced by
to inadequacy of the adopted structure model of the MLShe calculations, but the corresponding peaks are shifted
with the sharp interlayer interface. The observed energy deslightly to higher energies. The shift may be caused by the
pendence of the MOKE spectra of the MLS and their varia-difference of the experimental and theoretical lattice con-
tion with the Co sublayer thickness may be explained by thestants. After annealing at 950 K the £ alloy film has been
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FIG. 18. Calculated polar Kerr rotatida) and ellipticity (b) spectra for the
model of Co/Pt multilayers with sharp interfacémes) and with single-

shown to consist of a chemically disordered fcc phase. Thiver interfacial alloyssymbol3.”
modification of atomic arrangement and chemical short-
range order causes significant changes of the observed

MOKE spectra. The 3-eV peak disappears, while the ampli- ) . _ :
tude of the spectra in the UV range increases and the 5.eysed in the calculations. As an interface between the neigh-

feature transforms into a peak. Similar changes are readggormg Co and Pt layers, one or two Co-Pt mixed atomic

seen when comparing the calculated MOKE spectra of 1C lanes were introduced. Three types of multilayered struc-

1Pt multilayers with the calculated spectrum of the,Rlo tures were congidered: in the form of s.ingle—layer Pt-rich
alloy. Co,Pt; and Co-rich CgPt; ordered interfacial planar alloys,

In conculsion it should be pointed out that the Kerr ro- and also in the form of a double alloy layer £ /Co,Pg

tation of Co/Pt MLS is governed mainly by the off-diagonal c_omposed of consecutive single layers of different compo_si-
part of the conductivity tensor. The infrared part of the spec—t'or_" The calculated spectra for Co/Pt MLS structures_ n
trum originates from the MO activity of the Co layers them- Which Co and Pt atomic planes are separated by a single

selves, and it scales with the Co content. On the other han(ip_terfacial alloy layer of different compositions_are sh(_)wn in
the peak in the UV region is due to the hybridization of Fig. 18. As can be seen, the presence of the interfacial alloy

strongly spin-polarized Cd states with spin—orbit-split Rt plane does not appreciably alter the spectra in the IR range,

states, and its magnitude depends weakly on the MLS conYyh“e significant enhancement of the Kerr rotation amplitude

position. It has been demonstrated that the chemical anf th_l‘?hUV Skp‘)ectral rangefIShcleKarIy seen. oy
structural ordering is accompanied by substantial electroni e enhancement of the Kerr rotation in the UV range

structure changes and result in a drastic MOKE spectrgrings the spectra into better agreement with experiment.
modification. However, the magnitudes of the calculated spectra are still

It should be noted that thab initio description of the significantly smaller than the experimental ones. In the

MOKE spectra for model Co/Pt multilayers performed under“realn Co/Pt systems the intermixing probably extends to

the assumption of a sharp, ideal interface is not adequate fopore than one atomic plane, with the composition changlng
the detailed explanation of the experimentally observed Spe(gradually. Figure 19 presents the results of the calculatlpns
tra. Simultaneously, in the case of model Co-Pt alloys théOr th? Co/Pt MLS model structu_re composed of dc_)uble In-
calculations properly reflect the main features of the spectréerfac'al_ CaPt/CoPt aIon. atomic plan.es. From Flgs. 18
observed experimentally. Thus it can be concluded that in th nd 19 it can be seen that in the IR. reglon'the amplltgdes of
real multilayer structures the limited interdiffusion region atthe spectra q§pend weakly on the interfacial layer thlgkness
the interface and its structure and chemical composition pla}ef‘nd composition, whereas in the UV range the amplitudes

a major role in the formation of the MO spectra of the Co/Ptc'€aS€ by apout 50% as compared to the spectra V.Vith a
MLS. single interfacial alloy layer. Alloying at the Co/Pt MLS in-

terfaces leads to an increase of the volume in which the
strong 3-5d hybridization occurs and, consequently, the
contribution of these hybridized states to the MO spectra
increases compared to the ideal MLS models. Another effect
To examine the consequences of interfacial intermixingof interfacial alloy formation is stronger spin polarization of
for Co/Pt MLS MOKE spectra and their relation to the the whole Pt spacer. The averaged magnetic moment per Pt
chemical nature of the interface, special model supercells aditom calculated for the structures with alloyed interface in-
the multilayered structures with alloyed interfaces and fcacreases by up to 90% compared to that calculated for the
(111) texture were constructed in Ref. 75. The same latticadeal MLS model. It was found that the contribution to the
constant and space group as for the idealized model weldLS spectra coming from the interfacial alloy region and

4.3. The effect of interfacial alloying on the magnetooptical
spectra in Co /Pt multilayers
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FIG. 19. Calculated polar Kerr rotatiqa) and ellipticity (b) spectra for the

model of Co/Pt multilayers with a two-layer interfacial allGy. %D
0.1+ Co/Cu .
2 o 14.9/10.1
polarized Pt atomic planes controls the shape and magnitude 2 a 152/15.2
of the spectra in the UV energy range. §—0.2-- s 1511217
In conclusion, the results obtained clearly illustrate the o v 2237237 g
crucial role of the interface structure on the magnetooptical —0.31 — Co(x0.5) %’
spectra of the Co/Pt multilayers. It is shown that the main f t f t +
0 1 2 3 4 S 6

peculiarities and the tendencies in the modification of the
MLS spectra with variation of the Co sublayer thickness are
adequately reproduced when an alloying, limited to tWOpG. 20. Experimental polar Kerr rotatica) and ellipticity (b) of Co/Cu
atomic planes, is taken into account. The very good agreeMLsS and thick fcc Co film(multiplied by a factor of 0.5 Co and Cu
ment between the calculated and measured MOKE spectgablayer thicknesses are given in the legend in units & A.
demonstrates the validity of the adopted model and ap-

proach.

Energy, eV

of the characteristic fluorescence radiation. The crystal struc-
ture was examined by low- and high-angle x-ray diffraction
(XRD) using CoK(«) radiation. The layered structure was
confirmed by low angle XRD. The modulation period was
In the pioneering study of Katayamet al.”® it was deduced from the position of the Bragg peaks. From the
shown that the Kerr rotation in Fe/Cu bilayers can be enhigh-angle XRD a pronounced1l) texture was inferred.
hanced at the absorption edge energy of Cu. Since then, sev- Figure 20 shows the measured polar Kerr rotatiyn
eral investigations of MOKE spectra of Fe, Co/noble-metaland ellipticity »x spectra of the Co/Cu MLS studied. The
bilayers and multilayers have been ddhe®! The observed measured spectra @ and 7 of a thick (~2000 A) fcc Co
features of the MOKE spectra were interpreted as mainhfilm are included for comparison.
related to the plasma edge in the noble metal and also to The essential points of the experimental MOKE results
magnetooptically active transitions in the noble metal as a&an be summarized as follows:
consequence of the spin polarization of the noble metal by i) The 6 spectra of the Co/Cu MLS exhibit a two-peak
the proximity of magnetic layers at the interface. structure and are strongly reduced compared to the pure Co
In Ref. 82 the complex MOKE spectra and optical thick film.
properties—refractive indexr and extinction coefficient i) The broad negativedx peak appearing in the UV
k—were measured in a wide spectral range for a set oénergy region has an amplitude which is approximately pro-
Co/Cu MLS structures. For the study the following set of portional to the Co content of the MLS. The energy position
Co/Cu MLS was prepared: 14.9 A Co/10.1 A Cu, 15.2 Aof this peak remains the same as for the Co thick film.
Co/15.2 A Cu, 15.1 A Co/21.7 A Cu, and 22.3 A Co/23.7 A iii) The ¢ spectra in Co/Cu MLS exhibit a peak at
Cu, all with the same number of repetitions of the Co/Cufiw~2.1eV not observed in the pure Co film. The amplitude
bilayer, equal to 40. The MLS were deposited by the faceand width of this peak are directly connected with the Cu
to-face dc sputtering system described in Ref. 83. All of thesublayer thickness. For the MLS with the thinnest Cu sub-
samples were deposited on a water-cooled glass substratayer the peak transforms into a broad shallow minimum
The argon pressure during the deposition was about 60 mPkcated between-1.5 eV and~2.1 eV, the former energy
and the deposition rate was about 0.5 A/s. The chemicatorresponding to théy peak position of the Co thick film.
composition of the films was determined by x-ray fluores-  iv) As the amount of Co in the MLS decreases, the spec-
cence analysis with an EDX system from the peak intensitiesra generally scale down, while there is an increase in the

5. MAGNETOOPTICAL PROPERTIES OF Co/Cu
MULTILAYERS

|76



Low Temp. Phys. 27 (6), June 2001 Antonov et al. 445

5
5-_
~ 41
- 47 @
Im g
« o 3
< 3-- — -+
~5 8 2
= X T
© © +
1
1..-
0 0+
2+
™~ 27
-— I o g
| d n 4 OO30000000%%
€1 g ¢ / q B 0
Y Co/Cu 2 ST e, T
o Ao I’ < s ‘e, v
- o/ o 14.9/10.1 — 1T
e o 152152 ~ Co/Cu
] /" a 15.1/21.7 4= o 14.9/10.1
o ! v 22.3/237 g @ 15.2/15.2
I g+ / — Co 0- s 15.1/21.7
/ ——Cu b v 2231237
— Co(X0.5)
-10+ t ' ' i : -==Cu
0 1 2 3 4 5 6 ¢ t t f t
Energy , eV 0 1 2 3 4 5 6
Energy, eV

FIG. 21. The absorptivéa) and dispersiveb) parts of the conductivity
tensor of Co/Cu MLS and thick fcc Co and Cu films determined from the FIG, 22, The contribution to the Kerr rotation spectra from the diagonal part

ellipsometric measuremerfts. of the conductivity tensofsee text () and thewo3) of Co/Cu MLS and a
thick fcc Co film, determined from the ellipsometric and the MOKE mea-

surementgb).# The wo'?) of Co is multiplied by a factor of 0.5.

prominence of the&y peak located at the energy of2.1 eV.

V) At energies above-2.1 eV the Kerr ellipticity spectra . .
are very similar. The UV peak position shifts to lower energycondUCtIVIty through the denominator of E@). To separate

compared to the Co thick film, and its amplitude scales withhe c_ontribution o the MOKE coming from the di_agonal and
ff-diagonal components of the optical conductivity tensor,

the amount of Co. In the energy range 0.8—2.1 eV a stron
9y 9 e function®(w) has been evaluated from the optical mea-

dependence of the spectra on the MLS composition is seen.

The measured optical properties of the MLS as well agurements:
of thick fcc Co and Cu films, prepared by the same tech- 1
nique, are shown in the form of the spectral dependencies of ®(w)=®V(w)+i®?(w)= : .
the absorptive ¢{)) and dispersive¢'?) parts of the diag- w0\ 1+i(4m/ “’)“X(Xl 6

onal component of the optical conductivity tensor in Figs.

21a and 21b, respectively. The well-known prominent fealt has been found that for the compounds under consideration
ture in the Cu optical conductivity tensor at energg.1 eV,  the imaginary part of the function multiplied ayo'?) gives
where there is a superposition of the Drude-like interbandhe main contribution to the polar Kerr rotation spectra.

transitions and the interband transition edge, is clearly ob¢tHere and belovwg,) stands for the absorptive part of the

served. off-diagonal conductivity componetfFor the Co/Cu MLS

As can be seen from Fig. 21a, té!) spectra for the the function®®(w) exhibits a two-peak structursee Fig.
MLS studied lie between the spectra of pure Co and Ci223a), a sharp peak at the same enetgf}.1 eV as in the Kerr
films. These spectra have two features, a shoulder at an erptation spectra and a broader one at an energy around 4.5
ergy of ~2.1 eV and a broad maximum at about 5 eV. TheeV. Thus, it can be clearly seen that diagonal part of the
feature at~2.1 eV is related to the Cu plasma-edge reso-optical conductivity tensor significantly influences the shape
nance absorption, and its prominence increases with the Gof the MOKE spectra.
content. For all of the Co/Cu MLS studied the) spectra Figure 22b shows theo'?) spectra of the Co/Cu MLS.
have similar shape, and their magnitude in the IR rangdhe shape of the curves for all MLS is qualitatively similar
scales with the amount of Co. This can easily be understootb the shape of tha)o)((f,) determined for the Co thick film.
by taking into account the weak absorption of Cu metal ininspection of the curves shows that the magnitude of the
this energy region. wo? spectra in the UV spectral region scales with the

X
The MOKE depends on the diagonal part of the opticalamount of Co. However, this is not true for the IR spectral
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PR ; i FIG. 24. Spin- and-projected density of states at Co and Cu sisates/
region: in particular, the position of the low energy peak(evatomspin)) located in the middle of the corresponding sublayer in a

shifts from that for the fcc Co film and depends on the MLSgco/scu multilayer. The density af states of bulk fcc Co and Cu is also
composition. The changes can be explained by a modificashown. The solid and dotted lines correspond to majority and minority spin
tion of the electronic states involved in the optical transitionsstates, respectively. The Fermi level is denoted by a vertical dashe® line.
due to the presence of the Co/Cu interface.
It can be concluded that the IR peak observed in the
polar Kerr rotation spectra is mainly determined by the cor-strongly hybridized. It is interesting to note that the Cu states
responding feature in the diagonal part of the conductivityat the interface are considerably spin-polarized due to the
tensor. The position of thé, peak observed in the UV spec- hybridization with Co states. It was found that the resulting
tral region coincides with the position of the peak in the Cuspandd spin magnetic moments are of opposite sign and
woll) spectra, but its shape is to a great extent affected bglmost compensate each other.
the spectral form ofr,,, just as in the case of pure Co. To show the main trends in the formation of the optical
To clarify the microscopic origin of the magnetooptical and magnetooptical spectra of the Co/Cu MLS, the conduc-
properties of the Co/Cu multilayers, we have performed selftivity tensor of 2Co/4Cu, 3Co/3Cu, 6Co/6Cu, and 4Co/2Cu
consistent local-spin-density calculations of the electronignodel multilayers was calculated. The calculatgd) spec-
structure of some model Co/Cu structures by means of thia are shown in Fig. 25a. All the spectra except that of Cu
spin-polarized fully relativistidSPR LMTO method. were broadened with a Lorentzian of width 1.2 eV to simu-
Since the experimentally investigated MLS have pro-late the finite electron lifetime effects. For the Cu spectrum a
nounced fco-l1l) texture, in theab initio calculations we Lorentzian of width 0.4 eV was used. To take into account
constructed a number aiCo/mCu model MLS periodic the intraband contribution the phenomenological Drude term
along thg 111] direction and consisting of close-packe@€o  was also added to the diagonal components-.oln accor-
and m Cu planes with ambc stacking sequence. All the dance with the experimental data the curves lie very close to
structures posses®3, symmetry. The lattice constanti( €ach other at energies higher tha# eV. In the visible and
=3.574 A) was chosen as an average of those of the fcc CiR spectral regions a noticeable increase of the absorption
and Cu metals. No attempt has been made to optimize theith increasing Co content can be seen. An interesting fea-
interlayer spacing, which was taken to be constant correture of these spectra is the minimum at the enefgy
sponding to the ideat/a ratio. ~1.5eV, which corresponds to a minimum of the interband
The spin- and-projected density of the electronic states absorption in pure Cu. From a comparisonaﬁ}x’ for 3Co/
for Co and Cu atoms in the representative 6Co/6Cu3Cu and 6Co/6Cu it can be seen that this feature is enhanced
multilayer are shown in Fig. 23 for the sites at the interfaceas the number of adjacent Cu layers increases. An analysis of
and in Fig. 24 for the sites located in the middle of thethe partial density of states shows that such behaviar{pf
appropriate sublayer. The densitiesdadtates of bulk fcc Co  can be explained by the energy location of the Co and Cu
and Cu are shown at the top of Fig. 24 for comparison. Asstates(see Figs. 23 and 24The dominant interband contri-
could be anticipated, the density of Co and states of the bution to theo!?) spectra at photon energies lower thas
interior atoms are similar to those of bulk metals. At theeV comes from transitions involving the Co and €atates.
same time, the Co and Cu states at the interfacial sites aws in the pure Cu metal, the Glustates in the MLS are
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FIG. 26. The influence of the Co and Cu spin—orbit coupling strength on the
theoreticalwo?) spectrum of 2Co/4Cu multilayer. The whole spectrum is
shown by solid line. Dashed and dotted lines denote the spectra calculated
with nonzero spin—orbit coupling strength at Co and Cu sites, respectively.

greater importance for the MLS with smaller Co sublayer
e p———— thickness.
0 1 2 3 4 5 6 7 8 Magnetooptical effects originate from a complicated in-
Energy, eV terplay of the spin-orbit coupling and exchange splitting. As
FIG. 25. Calculatedr (@) and wo) (b) spectra of the model Co/Cu can be mferre((dz)from perturbation thedisee, e.g., Refs. 12
multilayers® and 84, the o,y spectrum can be expanded as a sum of
contributions proportional to the spin-orbit coupling strength
&, of the electronic states with angular momentuat a site
t. From the results of test calculations wigh=0 for all |
located~1.5 eV below the Fermi level and, consequently, 2 it has been found that the MO properties of the Co/Cu
give no contribution tar{}) at lower photon energies. On the multilayers are governed mainly by the spin-orbit coupling
contrary, optical transitions to/from the @ostates are pos- of d electrons. Then calculations were done with the value of
sible at arbitrary energy, because the minority-spindCo &, nonzero only for either the Cd or Cud states. The
states are only partially filled. As a result of a superpositiorresults of the calculations for a 2Co/4Cu multilayer are
of the absorption in Co and Cu sublayers, the magnitude ofhown in Fig. 26. It can be seen that the Cu contribution is,
the o) spectra of the Co/Cu MLS increases with the Coin general, significantly smaller than the contribution from
content ati w<4 eV. The peak inr,,(w) athw~55eVis the Co sites. There are two inequivalent Cu atoms in the
mainly due to transitions from the states at the bottom of 2Co/4Cu multilayer, one of them being located at the Co/Cu
the valence band to the states above the Fermi level. The interface and the another one in the interior of the Cu slab.
densities of Co and Caistates are rather similar, except for From test calculations witl§;, set to zero for the interfacial
the spin splitting of the former. As a result, the peak become€u sites it has been found that the contribution from the
broader with increasing Co content in the MLS, its magni-interior Cu sites to ther)((@) spectrum is negligible. The spin-
tude being almost unchanged. obit coupling strengths for Co and Glistates are, however,
Some calculatedwif,) spectra are shown in Fig. 25b. of the same order of magnitude. The relatively small effect of
The magnitude of the spectra of the Co/Cu MLS is smalletthe Cu sites on the off-diagonal conductivity component can
than that of pure fcc Co, also shown in Fig. 25b, and apbe explained by the fact that the exchange splitting at the Cu
proximately scales with the Co content. As compared to thaites is much smaller than at the Co sitese Figs. 23 and
waf(zy) curve of Co, the spectra of the MLS have a less pro-24). Calculations were performed assuming zero exchange
nounced structure. For the model multilayers studied thesplitting at all Cu sites, and it was found that the effect of
peak centered at2 eV in the Co spectrum is observed most “switching off” the exchange splitting on thawf(zy) of
distinctly for the 6Co/6Cu structure, where the Co sublayeiCo/Cu MLS is negligible. The results support the conclusion
is sufficiently thick. It is remarkable that all the spectra crossthat the dominant role is played by the Co contribution to the
zero at the same energy of about 5 eV. Consideringotdnﬁ/) MO properties of the Co/Cu MLS.
spectra leads one to conclude that the dominant contribution To investigate the dependence of tg; on the local
is provided by optical transitions involving Co electronic environment, calculations were performed for 2Co/4Cu MLS
states. The states are modified by the hybridization with Cwith abc and ab stacking sequences of the close-packed
states at the interface, the hybridization effects being oplanes. In the both MLS the number of Co and Cu atoms
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FIG. 27. Calculatedso!3) spectra of 2Co/4Cu multilayers witibc andab
stacking sequences. In the inset the correspondifiyspectra are showfi.

among both the first- and second-nearest neighbors around
each site is the same, but the local symmetry is different. The

Ellipticity , deg.
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calculatedwo?) spectra are shown in Fig. 27. Although the — 2C0/4Cu
overall shape of the curves is similar, the fine structure is ———= 3Co0/3Cu

rather different. There are also differences in the correspond- =921 __. - 4Co/2Cu

ing o{%) curves shown in the inset in Fig. 27. It has been | ... 6Co/6Cu

found that the joint density of states calculated for MLS with

different kinds of stacking sequences are almost identical. . .

Taking into account that the joint density of states is deter- 0 1 2

mined only by the band structure of a compound, one can Energy , eV

conclude that the details of the short-range order affect the
optical and MO spectra of the Co/Cu MLS mainly via the FIG. 28. Calculated polar Kerr rotatigia) and ellipticity (b) spectra of the
transition matrix elements. model Co/Cu muttilayer§:

Calculated polar Kerr rotation and elipticity spectra for
the Co/Cu MLS are shown in Fig. 28. The spectra reproduce
well the dependence of the magnitude of the UV peak on the  Ab initio calculations of polar Kerr rotation and elliptic-
Co content observed experimentally for the Co/Cu MLSity spectra were performed for 6Co/3Cu, 6Co/6Cu, and 6Co/
studied. However, the calculated spectra are more structuredCu multilayers, assuming model multilayer structures with
A well-defined peak at~2 eV in the polar Kerr rotation, ideal interfaces. The calculated spectra are compared with
which is a characteristic feature of all the measured spectrahe experimental ones in Fig. 29. Despite the idealized
is distinctly present in the theoretical spectrum of the 6Comultilayer structures, good agreement between the theory
6cu multilayer. A possible explanation is that due to theand experiment is observed. Besides the overall similarity in
smaller Co and Cu sublayer thicknesses in the calculatethe shape of the measured and calculated spectra, the calcu-
model MLS as compared to the experimentally studiedations reproduce well the main trends in amplitudes of the
samples, the transitions to/from electronic states modified bgpectra in different energy regions.
the hybridization at the Co/Cu interfaces give a relatively  In conclusion it should be pointed out that from both the
large contribution to the MO spectra. experimental and theoretical studies it follows that despite

Accordingly to the experimental data, the low-energythe spin polarization of the Cd states due to the hybridiza-
peak in thewo) spectra of the Co film, like that of the tion with the Co states at the MLS interface, the dominant
Co/Cu MLS, is located below 2 eV. The feature in w@) contribution to the off-diagonal part of the optical conductiv-
curves which is related to the Cu plasma edge and manifestty tensor of the Co/Cu MLS comes from interband transi-
itself as a sharp peak in the Kerr rotation spectra is centeretions involving Co electronic states. The feature observed at
at 2.1 eV. On the other hand, the calculations predict that thé w~2.1 eV in the spectra of the optical conductivity tensor
peak inwo'?) of Co and the edge of interband transitions in componentr}) is related to the edge of interband transitions
Cu should lie at a similar energy position of approximatelyfrom Cud states in the Cu sublayers and is responsible for
~2 eV. The discrepancy may be due to the fact that thehe peak at 2.1 eV in the polar Kerr rotation spectra of the
LSDA approximation is only moderately successful in theMLS studied. There are some discrepancies between the ex-
description of the energy band structure and MO propertieperimental and theoretical results mainly in the description
of ferromagnetic 8 metals, especially Ni and C§:2>%° of the Co-related peaks of the optical and MO spectra of the
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magnetization and the crystallographic axes, as the spin sub-
system is coupled to the lattice by the spin-olg0) inter-
action. The magnetocrystalline anisotro@yCA), which is
the energy that directs the magnetization along a certain
crystallographic axis, is a ground-state property of a crystal.
The magnetooptical anisotrogfMOA), defined as the de-
pendence of the off-diagonal part of the optical conductivity
tensor on the magnetization direction, arises as a result of
electronic excitations and is due to the spin and orbital po-
o larizations of initial and final states.
""""" Although the MCA has been widely studied both
experimentall§f” and theoretical§#~°%in a large number of
materials, the investigations of the MOA are still restricted to
a few cases only. Theoretical calculations have been per-
formed for Co, FePt, CoPt CoPd* and CrQ.%® Experi-
mentally, however, the orientation dependence of the magne-
tooptical (MO) Kerr effect has been observed in only one
TN magnetic system, hcp Co. In the equatorial Kerr effect Gan-
‘"’ shinaet al,® and in the longitudinal Kerr effedLKE) con-
figuration Osgooct al®* have studied the dependence of the
magnitude of the Kerr effect on the orientation of the mag-
netization with respect to the axis, both lying in the basal
plane of the hcp Co sample. For the polar Kerr efi@KE)
configuration with magnetization perpendicular to the
sample plane, Welleet al8 observed an orientation depen-
dence of the PKE by using two epitaxial hcp Co films with

different, (0001 and (11D), basal planes.

An extensive experimental and theoretical study of the
observed large magnetooptical anisotropy was presented in
Ref. 95 for a series of FéAu, superlattices prepared by
molecular beam epitaxy with=1, 2, 3 of Fe and Au atomic
planes of (001) orientation. The (FgAu;)x20 and
(F&/Au,) x10 and (Fe/Aug) X7 MLS were grown by
MBE under UHV conditiongbase pressure during prepara-
tion below 5x 10~ *°mbay on a 30 nm001) Au buffer layer
(preceded ¥ a 4 nm Fe(001) seed layer, deposited on a
MgO (001) cleaved substrates in a multi-stage proc8dhe
whole structure was finally covered la 5 nm Au cagayer.

The Fe and Au monolayers were deposited alternately at 340
K at a rate of about 0.2 nm/min, as controlled by a quartz
microbalance with an accuracy af5%. Very uniform
growth conditions are preserved for subsequent layers, re-
sulting in a high epitaxial quality of the superlattices. For the
growth mode and the resulting structure of the Fe/Au MLS

Energy , eV an important role is played by the Au self-surfactant effect,
FIG. 29. The comparison of the polar Kerr rotatita and ellipticity (b) which was observed when single Fe_ films were grown on the
spectra measured for Co/Cu MLS films with the spectra calculated for théeconstructed00D)Au surface’® " During the Fe growth, the
modelnCo/mCu multilayers(the sublayer thicknesses are expressed in theAu surface segregation occurs by an atomic place exchange
key f_or the experimental filmgn A) and for the calculated structuréis that leads to the formation of one Au monolayer on top of the
atomic layers Al).%2 . . . . )

growing Fe film. This process, particularly important for the

growth of the Fg/Au; monatomic superlattices, is respon-

Co/Cu MLS. Nevertheless, thab initio calculations repro- sible for a deviation from a perfect layer structure, as was

5 98
duce the main features of the spectra and provide an expl@Pserved by Takanastet al.™ by XRD measurements. A
nation of their microscopic origin. conversion-electron  Mssbauer spectroscopy(CEMS)

analysi€® clearly reveals that th& 1, phase, characterized
by a tetragonal distortion that is reflected in a large contribu-
tion of the quadrupole a interaction to the hyperfine pattern,
is present in the (RéAu;) X 20 MLS. However, the amount
Many important physical properties of magnetically or- of the L1, phase is only~30% of that expected for perfect
dered compounds depend on the relative orientation of thityer growth. The vertical mass transport accompanying the
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6. MAGNETOOPTICAL ANISOTROPY IN Fe ,/Au,
SUPERLATTICES
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10 0.01 Fig. 30b. The essential points of the experimemfdf spec-
8+ % 1 trum are the prominent negative peak centered at around 2.5
6l 20 /'\ / eV (i.e., in the Au plasma-edge spectral regicemd a hump
. RN clearly visible near 3.2 eV. The”K changes sign above 4 eV,
| ) m and a positive peak at 4.7 eV is formed. TH&X enhance-
27 §_ ! ment at the plasma edge of Aaround 2.5 eVYis well ex-
w 0 a__ " E O‘OIF:C = plained by the classical optic multilayer model and is not
%ﬁ T /\ ,{\ T=s related to the modification of the electronic structure of the
2 9 £ -§ 0.01¢ 5 intrinsic magnetic Fg/Au; multilayer. The corresponding
g | 2 g % i 7PK spectrum changes sign at the energy of the plasma edge
= YRAYZF, K s \gi of Au and in the UV spectral region exhibits a two-peak
n —0.1 - 0 LV A structure with a negative peak at 3.8 eV and a positive one at
;; b . ; 1d + : - 5.5 eV. The PKE spectra measured in the,/Re, and
0 E,znergy?ev 6 0 Energy. eV Fe;/Aus superlatticegnot shown exhibit similar behavior to

Fe, /Au;, with the peak structure in the UV spectral range
FIG. 30. Experimental results for F#u; MLS: refractive index and ex-  Shifted to higher energy. The main features and trends in the
tinction coefficient(a), polar Kerr rotation and ellipticityh), longitudinal PKE spectra of Fg/Au, superlattices modulated by integer
Kerr rotation and ellipticity fors (c) and p (d) light polarizations. In the : - . _
panels the refractive index and rotation are depicted as circles, and th%tomIC _Iayers of Fe and Au are_ |n_ agreement Wlt_h those re
extinction coefficient and ellipticity as triang|&s. ported in Refs. 100 and 101. Similar characteristic structure
in the PKE spectra in the UV spectral ran@aore distinct
than in the multilayerswas observed in ultrathin Fe layers

MLS growth leads to Fe aggregation, so that the resultinqsandwwhed by Au layers and was assigned to optical transi-

: lions involving quantum-well statg§>103
structure may be regarded as a mixture of a monolayer an The corresponding complex LKE spectra measured in
bilayer(and to a less extent also trilaydviLS. Nevertheless, corresponding plex P E !
the longitudinal Kerr magnetization geometry at a 75° angle

it is enough to induce a strong perpendicular anisotropybf incidence of the light are shown in Figs. 30c and 30d for

which forces the magnetization to the normal direction. The do liah larizati velv. Th B
L1, phase disappears abruptly when the MLS modulatior? "¢ P light polarizations, respectively. The measu

period is increased. For the (fAu,) X 10 MLS, only traces and 7% appear one order of magnitude smaller than for the
of the component attributed to the tetragonally distorted”KE- [N the LKE spectra, the plasma edge of the Au over-
phase can be found in the CEMS spectrum. The CEMS Speé@yer and underlayer of the sample manifests itself as a peak

trum for the (Fg/Aus) X7 sample resembles that measured®’ shoulder near 2.6eV.Asis seeE in Figs. 30c and C_%d, in the
for a single Fe trilayer film sandwiched between Ru. spectral region above 2.5 eV ti&X spectra are dominated
by a peak at 3.2 and a minimum at around 5.0 eV dor

6.1. Experimental results and data analysis polarization and a peak at 4.1 eV for polarization. The

Most MO studies of the MLS employ polar magnetiza- corresponding features in thg-* spectra are the peak cen-
tion geometry, PKE, and normal light incidence. The pKEtered at 4.1 fos polarization and the peaks at 3.4 eV and 5.1
configurations alone cannot be used, however, to study th@V for p polarization, respectively. The LKE spectra are con-
MO orientation effects in a very rich family of magnetic Sistent for thes and p light polarizations, and the optical
layered structures. The reason is that the main structural afidnctionsn andk determined from the LKE data alone agree
isotropy axis is perpendicular to the film surface, and nowvell with those measured directly by the ellipsometric
other basal planes exist. The only possibility is to use thénethod. It should be pointed out that one cannot expect di-
polar and longitudinalor equatorial Kerr effect geometries rect correspondence between the shape of the spectra and the
simultaneously. This approach is more complicated, as addposition of the energy peaks measured in polar and longitu-
tional data on the optical constants are required to extract théinal geometry because the LKE spectra are strongly depen-
basic quantities—optical conductivity tensor components—dent on the angle of incidence of the ligiptarticularly for
underlying the MO spectra. the p polarization, when the angle of incidence approaches

Figure 30 presents the complete set of experimentallyts principal value, equal to about 75° for the structures stud-
obtained ellipsometric and magnetooptical spectra in botfied). Therefore, the direct comparison of the PKE and LKE
the polar and longitudinal magnetization geometry forspectra is not adequate, and appropriate treatment should be
the Au5 nm)/(Fe, /Au;) X 20/Au(30 nm/Fe4 nm)/MgO(001)  done by evaluation of the optical conductivity tensor compo-
sample. As is seen in Fig. 30a, the spectral dependence of tients from the measured spectra. It is well known that the
effective refractive index and the extinction coefficiedtof =~ absorptive part of the tensor only, but not the Kerr rotation
the sample exhibits an overall shape close to that of Autself, is directly connected with the optical transitions be-
metal, with the well-known feature at the photon energy 2.3ween electronic states, their strengths and energy positions.
eV, where there is a superposition of the Drude-like intra-Therefore, in the following, we will consider the energy de-
band transitions and the interband transition edge. Such pendence of the conductivity tensor components underlying
dependence can easily be understood by taking into accoutite MO effects for the superlattices studied.
that the predominant parts of the sample are the Au overlayer The effective optical conductivity tensor components, di-
and underlayer. The effective magnetooptical PKE rotatioragonalogy and off-diagonakwoy, wogy, were determined
67X and ellipticity ¢ spectra of the sample are shown in with the use of Eq(3) from the measured optical and MO
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of the absorptive part of theaig spectrum(Fig. 31b, solid
lines with circles of the whole structure are two broad peaks
of comparable amplitude centered at around 1.6 and 3.3 eV
and a negative minimum at 4.7 eV. The dispersive part of the
waif; is dominated by a negative peak at 3.9 eV and a posi-
tive one at 5.3 eV. The comple.xaig(w) functions(Fig. 31b,
‘ solid lines with trianglesevaluated independently from the
L LKE data measured fos and p light polarization are the
same. As compared to the energy dependenceaﬁ‘;(w),
significant differences between the shape and the magnitude
of the spectra are clearly visible. The IR peak position in the
absorptive part ofu(r)e(fzf shifts to lower energy, and the spec-
trum amplitude is much smaller.

The spectra of the conductivity tensor components dis-
i cussed above represent the effective tensor components of
the whole complex sample composed of the specific mag-
netic Fg /Au, structure and the Au cap layer and underlayer
film. To compare the theoretical initio calculations with
the experiment and to discuss the origin of the magnetoopti-
cal and MOA effects of the magnetic superlattices, the tensor

o components for the intrinsic magnetic [#Au, structure
0 54 ¢o 52 6 alone should be extracted from the experimental data. For
Energy , eV Energy , eV this purpose we adopted the phenomenological matrix for-

malism based on the Maxwell theory, providing computer
FIG. 31. Experimental absorpti&eft panel$ and dispersivéright panel modeling of the MO response for a given structdkaown
parts of the optical conductivity for the F&u, sample. In the panels) the ; . i0d% Th d
effective diagonal tensor components of the whole sartguéd lines with as mUIt"r?ﬂeCt'qn calculatiq The prqce ure assumes
circles, the buffer samplédashed lines thick Au film (dotted lineg, and ~ that the dielectric tensors of the constituent layers of the
the extractedsee text component of the intrinsic FéAu, structure(circles structure and their thicknesses are known. In our calculation,
are shown. In the panel$) the off-diagonal effective tensor components hq thicknesses of the constituent layers determined from the
derived from the pola¢solid lines with circles and longitudinalsolid lines . . . L
with triangles Kerr effect are shown. In the panels) are the extracted ~t€Chnological data were used. To avoid possible uncertainties
off-diagonal tensor components of the intrinsic magneti¢/fe, structure  and to obtain the most precise results, the optical and mag-
derived from PKE(circles and LKE (triangles.*® netooptical response of the buffer underlying the, e,

structure, composed of ABO nm/Fe&(4 nm)/MgO(001), was

directly measured with the use of a control sample and was

spectra according to E@2) for the PKE and Eq(6) for the subsequently used in the multi-reflection calculations. Fi-
LKE. The Feg /Au, superlattices studied are two-dimensionalnally, a two-layer system was considered, composed of the
structures and can exhibit optical anisotrdpg., theo,,and ~ honmagnetic Au cover layer and the magnetic ,(ei,)
o,, tensor components can diffeConsequently, Eq5) for ~ XN superlattice on the A0 nm/Fe4 nm)/MgO(100)
an optically anisotropic medium should be used instead obuffer substrate. In the procedure, the contribution of a single
Eq. (6) to determine the off-diagonal tensor component. un-ayer of given thickness is determined through its character-
fortunately, in the case of thimetallic films or MLS direct  istic matrix, composed of the medium boundary and the me-
ellipsometric measurements allow one to determineatffe ~ dium propagation matricéS” The overall structure of the
tensor component only. As will be shown in the next Sectionfilm is treated as a single layer with the parameters expressed
the errors caused by the using E6). for an optically isotro-  in terms of those of individual sublayers.
pic medium to extract-5t from LKE data are of little impor- The unknown tensor components of the intrinsic
tance for the Fg/Au,, . (Fe;/Auy) XN MLS structure were extracted by solving nu-
The results for the spectra of the effective complexmerically the multi-reflection equations. The results for the
optical  conductivity giﬁ, wo-i;f, and a)()')e(fzf of  Fe/Au; structure are shown in Fig. 31a fot, (circles and
the Au5 nm)/(Fe; /Au;) X 20/Au(30 nm/Fe(4 nm)/MgO(001)  in Fig. 31c forwoy, (circles andway, (triangles. The spec-
sample are presented in Fig. 31a and 3b. In Fig. 31arihe tra represent the results after eliminating the MO contribu-
spectra of a 100 nm thick fcc Au film deposited on tion from the complex underlayer and Au overlayer. In the
GaAg001) and of the buffer sample AB0 nm/Fe(4 nm)/  following discussion, the off-diagonal componentr,, for
MgO(001) used as the substrate for growing the, Rau, the case of magnetizatiod parallel to the(001) direction
superlattices are also included. As can be seen from Fig. 31ill be denoted a&)alﬁ, whereas forwao,, with the mag-
there is a significant difference between the effecm'xgﬁ netizationM perpendicular to th€d01) direction we will use
spectra for the whole structure and the buffer sample as conthe notationwo s . As compared to the effective tensor com-
pared to that of the Au film in the spectral range below 2.5ponents, the feature related to the plasma edge of Au at 2.5
eV. The rapid changes of the optical constants at the energgV disappears for th@)cr‘(‘)ff and wo g spectra. The overall
2.5 eV caused by onset of Au interband transitions arestructure of the extracted off-diagonal tensor components of
clearly visible for all the samples. The characteristic featureshe magnetic superlattice alone is similar to that of the effec-
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FIG. 32. The unit cells used for FRAu; (L1y) (a), Fe/Au, (b), and
Fe;/Auz MLS (c). The black spheres are Fe atoms and the shaded ones are
Au atoms?®
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. L . FIG. 33. Absorptive(left panelg and dispersivdright panel$ parts of the
tive ones, and the most Slgnlflcant changes in the SpeCtr&f—diagonal conductivity tensor of FéAu; MLS; experimental result&),

appear in the IR spectral range. The most important conclu-spa calculated spectra for F&u; MLS (b), the MO anisotropy spectra

sion is that both the effective and the extracted off-diagonalc) (symbols represent experimental data, solid lines LSDA, and dashed
; i ihi lines LDA+U theory.*®

tensor components of the magnetic superlattice exhibit larg

orientational anisotropy with respect to the magnetization di-

rection. structure, extracted from the experimental PKE and LKE

data as described in the previous Section, and the MOA are
compared to the corresponding spectra calculated for the
ideal Fg/Au, L1, structure.

The band structure calculations in Ref. 95 considered an  Overall, both the spectral shape and the magnitude of the
Fe /Au; MLS system with one-by-one stacking ¢©01) experimental optical conductivity spectra are qualitatively
planes whose structure can be regarded_agtype (Fig.  reproduced by the LSDA calculations. However, the posi-
329. The lattice parameters used were chosen as followgions of the calculated prominent peaks in the absorptive part
The in-plane atomic spacing was taken as an average bef waﬂ,ﬁ at 3.8 eV and 5.2 eV are shifted to lower energies as
tween the Au and Fe bulk valuea€4.066 A). The out-of- compared to the experiment. Also, the theoretical calcula-
plane lattice spacing for the F&Au; MLS was taken from tions predict a larger MOA in comparison with the experi-
the recent work of Satet al®*as 1.915 A, which is slightly mental value in the nominal F#Au, structure. One of the
lower than the previously published vaffié® used in our possible reasons is that due to the inexact treatment of the
previous calculation? The structures EgAu, and Fg/Au;  electron exchange and correlations the LSDA underestimates
are presented in Figs. 32b and 32c. There is no experimenttiie binding energy odl states and the threshold of interband
knowledge about the three interlayer spacings, Au-Au, Auitransitions in noble metals as compared to photoemission
Fe, and Fe-Fe, in these structures. The Au-Au spacing waand optical measuremenify:1%8
taken the same as in fcc Au, 2.04 A. For the Au-Fe spacing, It seems quite likely that the use of a more appropriate
the value 1.74 A can be derived from the rigid sphere modehpproximation for the self-energy can give rise to a shift of
as a mean between the fcc A2.04 A) and bcc Fg1.43 A the quasiparticle energy bands originating from the Al 5
bulk values. Similar values for the Au-Fe interlayer spacingsstates and, as a result, to a better agreement between the
have been obtained by total energy minimization using theheory and the experiment. In Ref. 95 the LBA
LMTO ab initio calculations. Using the experimentally de- method® was adopted as a step beyond the LSDA in the
termined superlattice periods in #Au, and Fg/Au; MLS  treatment of the electronic correlations. As was discussed in
structures published in Ref. 101 as constraints, a oneRefs. 110 and 111, the LDAU method can be considered as
parameter minimization was performed. As a result, values rough approximation to both the self-interaction correction
of 1.76 A and 1.74 A for the Au-Fe interlayer spacing andand to the self-energy of a system with strongly interacting
corresponding values of 1.69 and 1.58 A for the Fe-Fe interelectrons. Moreover, it has been found that the application of
layer spacing were obtained for the F&u, and Fg/Au;  the LDA+U method to pure noble metals allows one to im-
MLS, respectively. prove the calculated energy position of the threshold of the

For a quantitative analysis of the magnetooptical anisotinterband optical transitions and provides a better approach
ropy it is convenient to present the anisotropy as the differto the description of their MO spectt® In the case of the
ence between the off-diagonal conductivity tensor compo¥e; /Au; MLS a valueU4=2.5eV was applied to Au &
nents waﬂ,ﬁ— woss, Where the factor  provides states’ This value ofU, considered as a parameter of the
compatibility with thewo spectra themselves. In Fig. 33 the model, was found to give the best agreement between the
waﬂ,ﬁ andwo g spectra of the MLS for the nominal F\u,  calculated and experimental optical conductivity for fcc Au.

6.2. Comparison of the experimental and theoretical spectra
in Fe,/Au, MLS
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FIG. 35. Unit cell(doubled along direction of the Fe/Au structure com-
posed of the 1/1 and 2/2 substructuf@tack spheres are Fe atoms and
shaded ones are Au atonis

2 4 6
Energy , eV Energy . eV
FIG. 34. Absorptive(left panels and dispersivefright panels part of the ~ tON of the effect of substitutional disorder on the MO spectra
MOA measured for the FéAu, MLS (circles compared with LSDA cal- and MOA. Although the solubility of Au in bulk bcc Fe at
culated spectra; MOA modeled with effective optical conductivityr temperatures up to 400 K is neg|igiﬂ1@,enhanced solubil-
=X+ (1-x)wo?f? for x=0.3(solid lineg and calculated for supercell ity of Au within the Fe layer up to 3% was observed for a 70

containing 1/1 and 2/2 substructur@ee Fig. 3% (dashed lines(a); MOA . . 114
calculated for perfect RéAu, structure(solid lineg and for the structure A thick Fe film on Al{OOl). Even up to one order greater

with the substitutional disorddsee Fig. 36 (dotted lines (b).% substitutional disorder was reported for the Fe/@0L)
structures in the monolayer regime by Blenal®’ The in-
corporation of Au atoms in the Fe layers can be considered
as an explanatiorftas discussed in Ref. ®%or the larger
The use of the LDA-U approximation for Fe/Au; MLS  Fe-Au interlayer spacing observed experimentally in the
does improve slightly the calculated energy position of therg /Au, structure, as compared to the spacings derived under
peaks of the off-diagonal optical conductivity for both orien- the assumption of rigid atomic spheres of bulk Fe and Au
tations of the magnetizatiotnot shown, but there is N0 metals. The effect will lead to larger effective Fe-Fe and
improvement in the shape of the spectra. Comparing thge-Au interlayer spacings in FAAu, MLS. The particular
MOA calculated within the LSDA and LDAU methods  model structure used in the calculations is presented in Fig.
(see Fig. 33to the experimental spectrum, one can con-36. The structure is composed of alternating atomic planes of
clude that the LDA-U approximation does not improve the Fe and Au in which one per nine atoms is interchanged by
description of the MOA in the nominal F&Au, structure. Ay and Fe, respectivelyan interlayer spacing of 1.915 A
Another and maybe even more important source of disyas takep It was found that the moderate substitutional
crepancies is that the sample studied is not an ideal mongfisorder leads mainly to a scaling of the amplitudes of the
atomic Fg/Au; MLS of L 1, structure but rather a mixture of cajculateds; and MOA spectra without significant changes
mono- and bilayer structures. Having this in mind, we mod-of their shape. In Fig. 34b the MOA spectra calculated for
eled the effective Optical CondUCtiVity of the structure by athe model Structur@ee F|g 3§5are shown. It is seen that an
weighted average of the conductivities calculated for th%pproximately twofold reduction of the MOA magnitude is
Fey/Au; and Fe/Au, MLS: wogs=Xwoei+(1-X)@odi.  observed when the level of the substitution is 11%.
The best agreement between the theory and the experiment, Figures 37 and 38 show the experimentally obtained
both in the MOA(Fig. 343 and in the shape of the off- 4!  andwoy, spectra in the MLS of nominal B#Au, and
diagonal optical conductivitynot shown, was achieved Fe,/Au, structures for two orientations of the magnetization:
with x=0.3. This value agrees well with the results of theM”(o()l) andM L (001), together with the MOA, in com-
CEMS analysis” parison with the corresponding spectra calculated for the
In a more advanced approach, the interface roughnesgeal Fg/Au, and Fg/Auj structures. For RgAu, MLS, the
was studied by calculating the MO properties of the mixturegyerall shape of the theoretical spectra corresponds well to

of mono- and bilayers, distributed over the whole structurethe experimental one§ig. 37h, and a better agreement of
The composed Fe/Au structure was modeled using a large

supercell containing side-by-side #&u,; and Fg/Au, com-
ponent structures spread over 3 and 7 lattice constarts

Fig. 35. This ratio of the areas was chosen in correspon-
dence with the simple procedure described above, in which
the resulting spectra were expressed as the sum of individual
Fe /Au; and Fe/Au, contributions. The results of thab
initio calculations for the composed structure are shown in
Fig. 34a, from which an even better overall agreement be-
tween the theory and experiment both in the shape and the
amplitude of the MOA spectra is observed. AS the OpPOSIt%G. 36. Doubledc(3#/2x3#2) unit cell used for modeling of alloying
case to the structure composed of well-defined mono- angect in the Fe/Au MLS(black spheres are Fe atoms and shaded ones are
bi-layers, a series of modelings was performed for examinaAu atoms.®
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FIG. 37. Absorptive(left panel$ and dispersiveright panel$ parts of the
off-diagonal conductivity tensor of FéAu, MLS; experimental result&),
LSDA calculated spectréb). In the panelgc) the MOA spectra are shown
(symbols represent experimental data, solid lines LSDA calculations for.
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Antonov et al.

perimentally. To examine the origin of such a discrepancy,
the influence of the substitutional disorder on the MOA was
modeled in the case of the ffAu, MLS. In Fig. 37c the
MOA spectra calculated for a F#AuU, MLS model structure
are shown. The model structure used in this case is similar to
that considered for the case of,Fa&u; MLS (Fig. 36 with

the same substitutional disorder level and is composed of
double numbers of the Fe-rich and Au-rich atomic layers,
with the experimental modulation period of 7.25 A. It was
found that the MOA magnitude for the fFé&u, MLS in the
high-energy part of the theoretical spectra is markedly re-
duced and is closest to the experimental values when the
effect of the limited substitutional disorder at a level of the
order of 10% is taken into account.

The experimental and theoretical results for thg/Ra;
structure are presented in Fig. 38. The overall agreement
between the calculated and observed; and woy; Spectra
for the Fg/Au; structure is less satisfactory than for the
Fe,/Au, MLS. One of the possible reasons is that the real
structure of the RgAus superlattice is far from the ideal
model considered. Nevertheless, both the theoretical and the
experimental MOA spectra are of comparable magnitude.
The modeling of the interfacial roughness effects and alloy-

perfect Fg/Au, MLS, and dashed lines calculations for the structure with INg for the F@/Aus structure from first principlegmuch

the substitutional disordg?®

more complicated than for the simpler structgiieurrently
in progress.
Some conclusions can be drawn from the modeling per-

the MOA as compared to the previously discussed case %r
the ideal Fg/Au; (see Fig. 3Bis observedFig. 379. The
reason is that the ideal F&u, MLS is a better approxima-
tion to the real experimental situation than was the case fo
the Fg/Au; MLS.%® However, in the high-energy part of the
spectra, above 4 eV, theol; and wog; and MOA ampli-

med: (i) The magnitude of the off-diagonal optical con-

ductivity and MOA spectra is very sensitive to the actual
structure at the interfaces, and thus MO spectroscopy can
f)rovide useful independent information about the Fe/Au
MLS structures, complementary to that derived from CEMS

tudes remain considerably higher than the ones obtained ex-
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2 4
Energy , eV
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measurementgii) In the modeling of the roughness effect,
even using areas of the component structures as small as a
few atomic spacings leads to a result qualitatively close to
that obtained from a simple additive formula for the super-
position of the spectrdiii) The magnitude of the MOA de-
creases with increasing number of Fe and Au atomic layers
of the superlattices(iv) The limited substitutional disorder
does not suppress the MOA effect in the, Feu, MLS.

As was mentioned in Sec. 6.1, Féu, MLS can exhibit
optical anisotropy, but the,, component of the optical con-
ductivity tensor is not directly available in the experiment.
On the other hand, both,, and o,, can be easily obtained
from the calculations and allow us to verify numerically the
correctness of using E@6) instead of Eq(5) to determine
wog; from the experimental data. The absorptive parts of the
diagonal components of the conductivity tensor calculated
for ideal Fg/Au; and Fe/Au, structures are shown in Figs.
39a and 39c. The largest difference betweendhgando,,
spectra is observed for the #Au,; MLS below a photon
energy of about 3.5 eV. For the f/&u, and also Fg/Aus
(not shown in the figuneMLS the calculated optical anisot-
ropy is significantly smaller. The theoretical conductivity
tensor components were used to calculate the complex lon-
gitudinal Kerr angle according to the exact form(#. Then

FIG. 38. Absorptive(left panel$ and dispersiveright panel$ parts of the
off-diagonal conductivity tensor of EéAu; MLS; experimental result&),
LSDA calculated spectréb). In the panelgc) the MOA spectra are shown

the approximateso g, was derived from the calculated LKE
angle using the formul&6) for an isotropic medium. The

(symbols represent experimental data, solid lines represent LSDA theory fdPff-diagonal conductivity spectra recalculated in this way are

perfect Fg/Au; MLS).%®

compared towog; obtained directly from theb initio cal-
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FIG. 39. LSDA calculated absorptive parts of the diagomg and o,
(panels a and)cand off-diagonakwoly and woy (panels b and dcompo-

nents of t.he optical conductivity te'nIS(.)r for #8u, (left panel3 and FIG. 41. LSDA energy band structure of thé, ordered Fe/Au; MLS for
Fe,/Au, (right panel$ MLS. The ab initio calculatedwoyy spectra are o grientations of magnetizatioM | (001) (solid lineg, and ML (001)
represented by dotted lines and the corrected ones by dashed(deres (dotted lines.%

text).% )

culations in Fig. 39b and 39d. A marked difference betweerf\U(F&) monolayer, each atom is surrounded by four other
the “exact” and “approximate”w o values is observed in Au_(Fe) atoms at a separation corresponding to the nearest-
the IR range for the RéAu; MLS only. It diminishes to a neighbor spacing in bqu_A(lEe). Because of the smaller
negligible value above this energy region and can be compumber of the nearest neighbors of the same type, both the
pletely neglected in the whole energy range for the/Re, Fe anq Aud states are much narrower tha}n in theT corre-
and Fg/Au; structures. The possible errors caused by usingPonding bulk metals. As a result, the majority spin d-e
Eq. (6) instead of Eq(5) are then small and do not affect the states are fully occypled, Wh!Ch leads to a significant en-
conclusion that the large MOA is related to the anisotropy offancement of Fe spin magnetic moment (2.8y compared

the off-diagonal conductivity tensor components. to the value of 2.2y for bulk Fe. This enhanced magnetiza-
tion has been observélf, but the experimental value of

6.3. Microscopic origin of the magnetooptical and orbital 2.75% 0'2_5”“3 is somewhat Sma"_er than the Calc_u"'f‘ted one.
moment anisotropy in Fe ,/Au, MLS Such a difference can be explained by the deviation of the
] o sample structure from the idehll,.
To understand better the microscopic origin of the MOA, The energy bands in FéAu, MLS calculated for differ-
let us consider in detail the electronic structure of theent magnetization directions are shown in Fig. 41. This com-
Fe/Auy L1o MLS. Spin-projected densities of Fe and AU parison is useful as it helps to identify the states that are
states are shown in Fig. 40, and the calculated spin and Okgnsitive to the change of the magnetization direction and,
bital magnetic moments are summarized in Table I. W'th'nconsequently, can potentially give a contribution to the
the Au(Fe) monolayer, each atom is surrounded by four otherMOA, MCA, and the anisotropy of the orbital moment. In

Fe /Au; MLS, for example, such states are the electronic
states at about-4.0, —2.8, and—1.4 eV in the vicinity of

4+ spin up i Fed theI" point and those with energies5.2, —1.5, and—0.5—
5 | spin down ! 1.8 eV located around thd symmetry point as well as along
0} I the I-X—-M-T" directions.
& 0 ' Comparing the values of the magnetic moments calcu-
e i lated for different magnetization directions, one can see from
é 27 Table V that the Fe spin moments are almost independent of
5 ‘ ) , . ! ) the magnetization direction. At the same time the anisotropy
S 45 ' ' ' ! Aul 4T of the Fe orbital moment, which is determined mainly by the
8 | Fed states, is quite large and is of the same order of magni-
R I tude as was experimentally observed in Co/Au M£SThis
& lL behavior could be expected, as in the presence of the SO
a0 T interaction the anisotropy of the orbital moment is of the
o4 : order of &A, whereé is the SO coupling strength andl is
: the crystal field splitting, while the anisotropy of the spin
;}; 61 i %2 (-l) -2 moment is proportional to&§A)? (Ref. 116. As the Aud

states are fully occupied, the spin and orbital moments at the
Au site are small and depend weakly on the magnetization

FIG. 40. LSDA spin-projected fully-relativistic partial DOSn states/ ~ direction. . . _
(atom-eV-spih) of the L1, ordered Fg/Au; MLS.%® To understand better the anisotropic behavior of the Fe

Energy , eV
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TABLE V. Calculated spirVig and orbitalM, magnetic momentén ug) of Fe /Au, versus magnetization directidh.

Ml [001] M1 [001]
Atom State Mg M Mg M
s 0.0097 0.0000 0.0098 0.0000
p —0.0033 —0.0006 —0.0030 0.0005
Fe d 2.8593 0.0920 2.8612 0.0587
f 0.0019 —0.0008 0.0019 —0.0010
total 2.8676 0.0906 2.8698 0.0582
s —0.0346 0.0000 —0.0345 0.0000
p —0.0567 0.0035 —0.0566 0.0058
Au d 0.1085 0.0293 0.1098 0.0300
f 0.0100 —0.0014 0.0100 —0.0016
total 0.0272 0.0315 0.0287 0.0342

and Au orbital magnetic moments, let us introduce a sitein Fe /Au; MLS. Here and in the rest of the paper we will

dependent functiodm(E) given by only consider the contribution from thet orbitals to them,
A related functions. All three functions show strong energy de-
dm“(E)=2k (WIKT R S(E—Ep), (17 pendence. The variations of the functions at Au and Fe sites
n

are comparable, but the Adiorbital momentm,(Eg) is sig-

wherefz is thez projection of the angular momentum opera- nificantly smaller, as the Ad states are almost fully occu-
tor, Ey and\pﬂk are the energy of theth band and the part pied (see Fig. 4D The anisotropy of the Au orbital moment
of the corresponding LMTO wave function formed by the AM(E) vanishes aEg. At about—1.2 eV the Fed; states
states with angular momentuminside the atomic sphere are already occupied, while thet states are still almost
centered at the site respectivelysee Ref. 95 In analogy to ~ €Mpty(Fig. 40, and, as a result, both(E) andAm(E) are
the I-projected density of statedmy(E) can be referred to Zero at this energy. At the Fermi energy, however, strong
as the site- and-projected density of the expectation value anisotropy of Fed orbital moment was observed.
of TZ. This quantity has purely relativistic origins, and when _TO better understand Sl_JCh behgwor, let us an_alyze the
the SO interaction is equal to zero one hig, (E)=0. As o_rb_ltgl character of the pa_rtlal density of Kestates in the
van Vleck” showed for a free ion, the absence of orbital vicinity of the Fermi levelFig. 43. It shogld be recalled that
degeneracy is a sufficient condition for the quenching of théhe only nonzero matrix elements of thg operator calcu-
orbital moment, which means that the first-order contribution
should vanish(¥|1,|¥,)=0. Thusdm,(E) can be consid- Fe Au
ered as a measure of the unquenching of the orbital moment 0.10
due to the SO interaction.

Furthermore, just as the number of states is defined as ... 0.05+
the integral of the DOS, we can define the integral of "‘J_
dm,(E) as S,

E

mn(E)=f dmy (E)dE, (18
Ep -0.10%

whereE, is the bottom of the valence band. Then the orbital

momentm, at the sitet is given by

)
m=my(Eg) (19) ;;

(here and henceforth we will drop the indefor simplicity).

Both dm;(E) and m;(E) are defined in a local coordi-
nate system chosen in such a way thatzfexis is directed
along the magnetization and, consequently, they depend on
the relative orientation of the magnetization with respect to
the crystallographic axes. In the case of F&u, MLS we
will use the notationsn|(E) and m{-(E) for m,(E) calcu-
lated withM[(001) andM L (001), respectively. The differ-
ence of these two functions

Amy(E)=mj(E)—mj (E) (20

dm (E)

Vv Energy ,eV

can provide useful information on the orientation depen-
dence of the orbital moment. Figure 42 shows the functiong|g. 42. Thedm(E) and m(E) for two orientations of magnetization
dm(E), m(E), andAm(E) calculated for Fe and Au sites together withAm,(E) for the L1, ordered Fg/Au; MLS (see text®®
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FIG. 44. LSDA spin-projected fully-relativistic partial DO® statesfatom
- eV - spin) of the Fg/Au, MLS.%®

shape of the corresponding peak of the densitydgb 2
states. At the same time, tlg2_,2 orbital, which plays the
crucial role in the formation of the peak dim/(E) at —0.5

eV, transforms into/3/2 dg,2_2+1/2dy2_2, and, as a re-
sult of the reduced contribution of thag. 2 orbital to the
wave functiondm; (E) is suppressed below the Fermi level.
These simple considerations allow one to explain the strong
dependence of the Fe orbital moment on the magnetization

Energy , eV . . .
& direction in the Fg/Au; MLS.
FIG. 43. Thed orbitals projectedim (E) on Fe site for two orientations of Spin-projected den5|_t|es_ of Fe and Adi states for _
magnetization and-partial density of stateén statesfatom - eV - spin)) Fe,/Au, MLS are shown in Fig. 44, and the calculated spin
for the L1, ordered Fe/Au; MLS.° and orbital magnetic moments are given in Table VI. As

compared to the results for Fé&u,; MLS, the change in the

local environment and the increase of the number of Fe near-
lated between real harmonics withl=2 are est neighbors around the Fe sites result in broadening of the
|(dxz_yz|TZ|de>|=2 and|(dXZ|TZ|dyZ)|=1. Hence, the larg- d bands and a decrease of the calculated Fe spin magnetic
est contribution tom;(E) can be expected from thaz_ 2 moment to 2.7%g . As opposed to the FéAu; MLS, where
andd,, orbitals. Also, it should be pointed out that, in con- we observed strong anisotropy of the &@rbital moment,
trast to the case of transition metal films considered in Refthe Fe/Au, MLS exhibits very small anisotropy of the or-
90, in which the on-site SO interaction is the only source ofbital magnetic momeri{fTable VI and Fig. 45k In Fig. 45 the
ungquenching of the orbital moment, in a compound consistfunctionsdm,(E), m;(E), andAm,(E) calculated for Fe and
ing of 3d metal atoms, with a large magnetization and aAu sites in Fg/Au, MLS are shown. Although all the three
relatively weak SO coupling, andd5atoms, for which the functions show strong energy dependence as in the case of
SO coupling is strong, the unquenching of thé 8rbital  Fe;/Au;, negligible anisotropy of the Fe& orbital moment is
moment can be caused to a great extent by tthe 3d hy-  observed at the Fermi energy. The explanation can be found
bridization. In the particular case of fé&u, MLS thereisa in Fig. 46. In the case of F#Au, MLS there also are two
peak at—0.5 eV in the density of Fd,>_,. states(Fig. 43, peaks in the partial density of Fkstates below and above
which hybridize rather strongly with Ad states. The density the Fermi level, but in contrast to the #Au; MLS they
of d,, states is constant in this energy interval and, as &ave the same,2_,2 character(Fig. 46 with a strong ad-
consequence, thém (E) has a maximum at this energy for mixture ofds,2_2. Moreover, the partial weights af,2_,2
MII(001). The states that form the peak of the DOS justand d;,2_,2 states at the Fermi level are such tha(Eg)
above the Fermi level are predominantlydy,> ,> charac- changes only slightly upon a change of the magnetization
ter, and they do not contribute tbm;(E). When the magne- direction fromM|(001) toM_L (001), and the anisotropy of
tization direction changes frorv|[(001) toM 1 (001) the the Fe orbital momenAm,(Eg) is very small(see the inset
local coordinate system in whickdm(E) is calculated in Fig. 45.
should also be changed accordingly. In the new coordinate The dependence of the MOA on the SO coupling and
system theds,2 2 orbital transforms into a linear combina- hybridization strengths is very complicatésee, e.g., Ref.
tion of theds,2_,2 andd,2_2 orbitals, and a sharp peak of 118 and does not allow one to introduce a simple model
dm(E) appears above the Fermi level and follows theconsideration as in the case of the MC anisotf&p{ While
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TABLE VI. Calculated spinM g and orbitalM, magnetic momentén ug) of Fe,/Au, versus magnetization directidp.

Antonov et al.

M [001] M L [001]
Atom State Mg M, Mg M,
S —0.0045 0.0000 —0.0044 0.0000
p —0.0192 0.0001 —0.0191 —0.0005
Fe d 2.8056 0.0835 2.8064 0.0934
f 0.0084 —0.0013 0.0084 —0.0015
total 2.7902 0.0824 2.7912 0.0914
5 —0.0260 0.0000 —0.0259 0.0000
p —0.0200 0.0026 —0.0200 0.0036
Au d 0.0778 0.0155 0.0770 0.0182
f 0.0059 —0.0009 0.0059 —0.0012
total 0.0377 0.0172 0.0370 0.0206

the anisotropic band splitting can be directly related to theements. The calculations have been performed in the way
MCA, the situation with MOA is more complex, as the ei- described in Ref. 119, where, within an atomic sphere about
genvalues and wave functions of both the initial and finaleither one of the atomic positions, the optical transition ma-
states enter the expression for the matrix elements. Therédx elements were set to zero. In this way, the optical con-
fore, the only way to obtain a realistic description of the ductivity spectra and MOA can be analyzed in terms of the
MOA is to perform numerical calculations. The optical con- contributions arising from the transitions on the particular
ductivity can be expressed as a sum of additive contributionsites. The decomposition of the MOA into the contributions
coming from interband transitions with the initial and/or final from interband transitions on the Fe and Au sites in/Ba;
states lying in different nonoverlapping energy intervals. In
the case of FgAu,, the Fed,; and Fed, states are well
separated in energy but overlap with the dstates in a wide
energy intervalsee Fig. 4D Even less distinct separation in
the energy position of the initial Fe and Alistates is ob-
served in the case of the fAu, MLS (see Fig. 44 It
seems to be more informative to examine the dependence of
the MOA on the site-dependent optical transition matrix el-
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FIG. 46. Thedm(E) on Fe site for two orientations of magnetization and

FIG. 45. Thedm(E) and m;(E) for two orientations of magnetization
together withAm,(E) for the Fg/Au, MLS.%®
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mentum matrix elements at evekypoint were averaged over
the magnetization directions. The calculated MOA is zero in
this case, whereas the MOA obtained from the second calcu-
lation, in which—vice versa—the averaged band energies
and as-calculated matrix elements were used, is in very good
agreement with the results of theb initio calculation. It
clearly demonstrates that the main effect of MOA comes
from the change of the orbital character of the wave func-
tions due to rotation of the magnetization axis. This is ex-
actly the origin of the anisotropy of the orbital moment also,
as discussed before. Although the common origin of both
~ anisotropies is the spin—orbit interaction, the relationship be-
tween the orbital moment anisotropy and the MOA is not
simple. While the orbital moment anisotropy is determined
by the integral property of the occupied staf&gs. (17)—
(20)], the magnetooptical anisotropy is related to the energy-
dependent quantity given by the convolution of all the initial
occupied and final unoccupied states within the given energy
difference[Eq. (9)].

The dependence of the MOA on the exchange splitting
and the SO interaction was examined in the same way as in
Refs. 74 and 119. It was found that the SO coupling of Au is
0 ' 2 4 ' 6 equally responsible for the large MOA as the exchange split-

Energy , eV ting of Fe. If we set the SO coupling on Fe to zero, the
off-diagonal optical conductivity is changed in the whole en-
FIG. _47. 'Decompqsition of thg calculated MOA spedsalid Iines)'into the ergy interval by a negative shift similar for both magnetiza-
Z?J”Eggt‘igzn”snce‘;rz;t”egsf{:’;‘;}mtf;)z?fjtlr:agr}iﬂ:?s)ol\%_aggged lingsand iy directions(Figs. 48a and 48b Thus the contribution of
the SO coupling on the Fe site to the conductivity is signifi-
cant but almost isotropic. As a result, the MO anisotropy is
practically independent of the SO coupling strength on the
MLS is shown in Fig. 47a. As can be seen, the magnitude Ofe site(Fig. 489. On the other hand, putting the SO cou-
the MO anisotropy spectrum is determined by both the Awyling on the Au site to zero affects the off-diagonal optical
and Fe sites, depending on the spectral region. Only in the @yndyctivities strongly, leading to a strong suppression of the
to ~1 eV energy interval can the MOA be connected exclu-\jOA. As in the case of the RéAu; MLS, setting the SO
sively with the transition on the Fe site. The interband tran¢oupling on Fe to zero in the AU, MLS changes the MO
sitions on the Au site are mainly responsible for the MOAapjsotropy to a lesser extent than the off-diagonal optical
spectra in the~1 to ~5 eV energy interval. The. transitions conductivity (not shown. However, putting the SO coupling
occur between the Ad, states located at energiEs<1 eV o the Au site to zero affects strongly both the off-diagonal
below the Fermi level and the hybridized statespadndf  gptical conductivity and the MOA. Thus the SO coupling of

characters lying in the energy range up to 2 eV above the\; js mainly responsible for the large MO anisotropy in the
Fermi level. The enhanced density of these final states arisgs/ay MLS.

due to the strong hybridization with F&g states in the en-
ergy interval. In particular, the peak at 3.7 eV in the MOA
. . - 7. SUMMARY

spectra is completely determined by these transitions. The
peak at 5.3 eV is equally due to both the Fe and Au related The investigation of the optical and magnetooptical
transitions. The results of the analysis for,FFu, MLS is  properties of Co/Pd, Co/Pt, Co/Cu, and Fe/Au multilayers
shown in Fig. 47b. As in the case of #Au; MLS, the both experimentally and theoretically from first principles
transitions on both the Fe and Au sites determine the resulhas been reviewed.
ing MOA spectra in the E#Au, MLS; however, the main A detailed comparative experimental and theoretical
contribution arises from transitions on the Au site in thestudy of the electronic structure and the magnetooptical
whole spectral range. We have verified that the prominenproperties of Co/Pd multilayers shows that in these systems
peak in the F&/Au, MOA spectra at 5.5 eV is mostly deter- the MOKE is governed by the off-diagonal part of the optical
mined by Aud-related transitions to the final states extendingconductivity tensor.Ab initio calculations performed for
up to ~4 eV above the Fermi level. model Co/Pd MLS with sharp interfaces reproduced the

Two major effects lead to the appearance of the MOAmain features of the experimental Co/Pd MOKE spectra only
when the magnetization direction is changédthe change moderately well. The Co/Pd MLS with the interface micro-
of the band energiegFig. 41) and (ii) the change of the structure modeled by ordered planar alloys of different com-
orbital character of the wave functions. To determine whichpositions were examined. The MOKE spectra calculated
of the effects dominates we performed two model calculafrom first principles for these MLS differ considerably from
tions. In the first one, the spectra were obtained using théhose obtained for the models with sharp interfaces. It is
as-calculated band energies, while the corresponding mehown that the main features and the tendencies in the modi-

MOA, 10¥ 52
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Fe /Au, interfaces clearly illustrates the crucial role of the interface
structure on the magnetooptical spectra of the Co/Pt MLS. It
is shown that the main peculiarities and the tendencies in the
modification of the MLS spectra with the variation of the Co
sublayer thickness are adequately reproduced when the al-
loying, limited to two atomic planes, is taken into account.
Very good agreement between the calculated and measured
MOKE spectra demonstrates the validity of the adopted
model and approach.

It was shown that although the dominant contribution to
3, the off-diagonal part of the optical conductivity tensor of the
Co/Cu MLS comes from the interband transitions involving
Co electronic states, the interband transitions from cCu
states in the Cu sublayers play an important role. The Cu
states at the interface are spin-polarized due to hybridization
with Co states. The feature observedfiai~2.1eV in the
spectra of the optical conductivity tensor componeﬂf is
related to the edge of interband transitions from cCstates
in the Cu sublayers and is responsible for the peak at 2.1 eV
s r . T . - r 3, in the polar Kerr rotation spectra of the Co/Cu MLS. Tdte

initio calculations reproduce the main features of the Co/Cu
MLS spectra and provide an explanation of their microscopic
origin.

A large orientation dependence of the magnetooptical
response was experimentally observed in the,/Ra,
multilayer structures. It was found that the magnitude of the
magnetooptical anisotropy is very sensitive to the actual
atomic structure of the superlattice and decreases as the num-
y } T T ' . ber of atomic layers of the same type increases. In the case of

0 2 4 6 the Fg/Au; MLS the calculations describe the measured
Energy , eV spectra well only after taking into account the real structure
_ _ _ _of the MLS, namely, the mixture of mono- and bilayer struc-
FIG. 48. Calculated absorptive off diagonal part of the optical conductivity, o 14 can he verified that limited substitutional disorder at
(a, b and MO anisotropyc) in the Fg /Au; MLS (solid lines together with : )
the results of the calculations for the SO coupling set to zero on Au sitdhe interfaces leads to a decrease of the MO anisotropy.
(dashed lingsand Fe sitgdotted line$.*® The orientation anisotropy of the orbital moment cal-
culated from first principles shows that as the d\states are
almost completely occupied, the spin and orbital moments at

fication of the MLS spectra with variation of the Co sublayerthe Au site are small and depend weakly on the magnetiza-
thickness are adequately reproduced when the alloying, eveipn direction in the Fg/Au;. At the same time, the anisot-
limited to one atomic plane, is taken into account. Theropy of the Fe orbital moment, which is determined mainly
MOKE spectra calculated for the model structures with or-by the Fed states, is quite large. Two strong maxima in the
dered CgPd; interfacial planes, reproduce the measuredred partial density of states arise in the vicinity of the Fermi
spectra best. The results obtained demonstrate that interfat@vel of the Fe/Au; MLS, which are predominantly of
microstructure plays a crucial role in the formation of thedy2-y2 character below the Fermi level and @f,2 2 char-
MOKE spectra of the Co/Pd layered structures. acter just above the Fermi level. Such an orbital character of
The Kerr rotation of Co/Pt MLS is governed mainly by the partial density of states leads to strong anisotropy of the
the off-diagonal part of the conductivity tensor. The infraredFe d orbital moment in the RéAu; MLS. In the case of the
part of the spectrum originates from the MO activity of the F&/Au, MLS there are two strong maxima in the Eepar-
Co layers themselves and scales with the CO content. On tHial density of states, both being of predominantlydgf >
other hand, the peak in the UV region is due to the hybrid<character. As a result, a change of the magnetization direc-
ization of strongly spin-polarized Cd states with spin— tion leads to an almost isotropic Feorbital moment in the
orbit-split Ptd states, and its magnitude depends weakly orF&/Au, MLS.
the MLS composition. It has been demonstrated that the The interplay of the strong SO interaction on the Au sites
chemical and structural ordering is accompanied by substa@nd the large exchange splitting on the Fe sites through Au
tial electronic structure changes and results in a drastic modid—Fed hybridization is responsible for the large MOA and
fication of the MOKE spectra. Thab initio description of the anisotropy of the Fe orbital moment. The main effect of
the MOKE spectra for model Co/Pt multilayers performedthe MO anisotropy arises from the changing of the orbital
under the assumption of a sharp, ideal interface is not adsharacter of the wave functions due to the change of the
equate for the detailed explanation of the experimentally obmagnetization direction.
served spectra. The modeding of multilayers with alloyed  The results obtained imply that the magnetooptical prop-
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erties of multilayers with various compositions and struc- Antonov, O. K. Andersen, and O. Jepsen, Fiz. Nizk. Teh®689(1993
tures can be quantitatively predicted from first principles 36['-OW Temp. Phys19, 494(1993].

band-structure calculations. Such a possibility is important

for basic research as well as applications.
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Cyclotron resonance absorption from a two-dimensional electron solid formed on a free surface
of liquid helium is analyzed by means of the memory function formalism. The presence

of the low-frequency phonon mode of the Wigner solid in a strong magnetic field is shown to
broaden significantly the electron dynamical structure fa@@8F as a function of

frequency, strengthening the contribution from multiphonon emission terms of the high-frequency
mode. Thus in most cases the linewidth is formed by nonlinear terms of the DSF expansion

in the cyclotron motion factor exp(iwgt) rather than by the linear terms analyzed previously. The
inclusion of all these multiphonon terms changes the sign of the many-electron effect and
agrees well with available experimental data, eliminating the discrepancy between theory and
experiment. ©2001 American Institute of Physic§DOI: 10.1063/1.1382984

1. INTRODUCTION verse p=t) phonons in the absence of the magnetic field,
and . is the cyclotron frequendy The WS theory was
Coulomb forces can strongly affect the properties of aconfined to analysis of the linear terms of the conductivity
two-dimensional2D) electron system. An extreme example expansion in the cyclotron motion factor exfift), which
of this kind is the Wigner solid transition. The Wigner solid js similar to considering only one-phonon terms in the dy-
(WS) of a 2D nondegenerate electron gas was first observegamical structure factdDSH of a solid. This approximation
in a sheet of electrons formed on a free surface of liquidegited in a remarkable conclusion: the CR linewighthy
helium*? The long-range order of a finite 2D electron Sys- yocreases with electron density assn- ¥4 (Ref. 7). This
tem was detected by a resonance coupling of the electrofg it was used to explain the narrowi;g of the CR absorp-

lattice with capillary wave quantaipplons. . tion line reported earliet® A similar result was found by the
Significant research has been performed on using thﬁath-integral methofl

cyclotron resonancéCR) as a probe of the many-electron A direct check of the theofyperformed for SEs at low

effects and the WS phase. A strong narrowing of the C _ . .
linewidth was observed in semiconductor degenerate Z%emperatures‘l( 0.062K) ‘and relatively weak magnetic

lelds (B~0.071T, Aw./T~1.59 has strikingly shown an

electron systeni¢ for small filling factors. It should be . . . SO .

. . opposite density dependence: the linewidth increases with

noted that in degenerate systems, the influence of Coulombi . . .
ectron density approximately ag&gxng (Ref. 9. In this

effects increases with decreasing electron demnsityA de- € ) ¢ the electron densit ied ind dently of
tailed experimental study of CR absorption from surfaceS XPENMENt, the electron density was varied independently o

electronsSE on liquid helium was reported in Refs. 5 and the holding electric field. For a liquid state of the electron

6, though by that time the many-electron theory was insuffiSystem the explanation of this conflict between experiment

ciently developed to explain these data. For SEs on quuid"md theory was found in.Refs. 10 an.d 11: the ultrafast mqtion
helium the Fermi energy is very smali<T, and increasing of electron orbit centers in a fluctuational many-electron field
the electron density introduces many-electron effects. Somr Stimulates electron scattering between different Landau

data of Refs. 5 and 6 had shown a decrease of the CR lind€Vels, causing an increase of the CR linewidth. This picture
width with increase of the holding electric fiell, , which ~ describes nicely the CR absorption from SEs on liquid he-

was maintained under the saturation conditiof; lium interacting with helium vapor atoms. Still, it is of inter-
:27Tensl However, at low temperatures, the h0|d|ng e|eC_eSt to find out how this concept Changes for the WS state,
tric field acts also as an electron-ripplon coupling parametefnd what revision of the WS theory should be introduced.
directly affecting the CR linewidth. In this paper, to describe the CR of the WS we employ
A CR theory of a 2D electron crystal was introduced inthe memory function formalisit;*® which allows one to

Ref. 7. According to it, the CR linewidth is due to decay of find a relation between the CR linewidth and the DSF
the long-wavelength K—0) high-frequency phonof), ,  S(d,®) of the electron solid. The present analysis of the DSF
=, into a short-wavelength phonon of the same branchpf a Wigner solid in a high magnetic field shows that for
accompanied by the creation and annihilation of a great nunstrong Coulomb forces the nonlinear terms of the expansion
ber of low-frequency phonond)_ \=w  wy/w <T/h in the cyclotron motion factor exp{iwt) cannot be disre-
[herew, \ is the spectrum of longitudinalp=1) and trans-  garded. In other words, multi-high-frequency-phonon terms

1063-777X/2001/27(6)/5/$20.00 463 © 2001 American Institute of Physics
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crucially affect the CR linewidth i’ c:=v2eE{l >#Aw. (here AG? [ ¢?
|=\#c/eB is the magnetic lengih The strong broadening Vq=eE + TW(H) )
1

I'c of the DSFS(qg,w) caused by the low-frequency mode

Q_ makes it possible to emit many high-frequency where

phonons2 Q) ,=Nw,, a process which is equivalent to the

electron scattering on higher Landau levels introduced for W(x)= — 1 n 1 In 1+v1-x 6)
the electron-liquid CR theory. When all of the nonlinear 1-x  (1-x)% N

terms exp{iwtN) are taken into account, the DSF of a _, . )
Wigner solid is found to be similar to the DSF of a highly YL is the Iocghzanon Iength of t2he electron wave function
correlated electron liquid, reported in Ref. 11. The result of" the perpendicular directior, =e“(e —1)/[4(e +1)], and
evaluation of the CR linewidth induced by the electron-¢ IS the dielectric constant of liquid helium. .
ripplon scattering agrees well with experimental data of = Eduations(2) and(4) allow one to express the CR line-

Refs. 5, 6, and 9, eliminating the conflict between theory andVidth functionycg(w) =2v (w) in terms of the equilibrium
experiment. electron DSF

[1-exp—hw/T)]

hq
— 2\ /2

2. BASIC RELATIONS
_ a1 _ X[(Ng+1)S(q,0—wq)+NgS(q, 0+ wg)].
The memory function formalisti*® establishes a gen-
eral relation between the electron conductivityand the @)
memory function or the relaxation kernkl(w). The effec-  HereN, is the ripplon distribution function. We use the con-
tive collision frequency can be introduced as.s ventional definition of the electron DSF:
=Im[M(w)]. Searching for the CR linewidth, we disregard
ReM(w)] or consider that it is included somehow in the  gq w)=N_1f exp(iwt)(ng(t)n_g)dt
.. . ’ e q —-q !
definition of the resonance frequency. In this case, we have

_ ie?ng Where N, is the number of electrons. Equatigf) can be
OxxFloyy= MoT ot iveg(@)] 1) applied to either state of the electron syst.em. |IC]UId.OI‘ solid.
In most cases, the resonance frequeacys much higher
In the conventional procedufé M (w) is expressed in terms than the typical ripplon frequenay,, and the latter can be
of the force—force Green’s function. For [M(w)] the final  disregarded in the argument of the electron DSF.
equation can be simplified significantly by employing gen-
eral properties of the Green'’s function,

- [1—exp—Aw/T)]m 3. WIGNER SOLID DYNAMICAL STRUCTURE FACTOR
14 w)=——
eff 2e’ndwS,

According to the previous Section, the determination of
o i the CR line shape of a 2D electron system is reduced to
X f_w(FX(t)FQexp(l wt)dt, (@ evaluation of its equilibrium DSF. The important thing is that
) . ) the Wigner solid consists of charged particles, and its dynam-
where S, is the surface ared ;=i[Jg,Hin is the force jcs js crucially affected by a strong normal magnetic figld
acting on electrongwith a factore/m), determined by the The magnetic field mixes the longitudinal and transverse
interaction Hamiltonian Hi,, and current densityJ  phonon modes. According 6, the excitation spectrum of

= _ievs- the WSQ,,  (herep=+,—) is determined by the equation
Ripplons represent a sort of 2D phonons with the capil- 202 k=w|2k+wt2k+w§
lary spectrumwg=al/p q*? (herea is the surface tension B ' , ' — —
and p is the density of liquid helium On introducing a 2D = V(0ft of T 0f)2— 4ol o ®
ejlectron (Eienslny operatmrqzz exp(-iq-rs) and the interac- For high cyclotron frequencies we disregard the presence of
tion Hamiltonian surface dimples beneath each electron. In the limiting case
1 o> o), the spectrum of the low-frequency mode de-
Himz_z Ugn_q(bg+ qu), creases steadily witlB as O _ \=w| o «/w>1/B, while
\/S—A q the spectrum of the high-frequency mofe. , approaches
_ e a— 3 w.*B.
Uq=VqVhal2poq, Although the electron displacement operator is also af-
the force operator can be found'as fected by the magnetic field, its general form can still be
. written in a conventional way:
ife i
Upn= 2 | 2N,ma, . [Epk@pkexplikry)+h.cl. (9

Hereb, is the ripplon annihilation operator.
The particular form of the electron-ripplon couplii, In the presence of the magnetic field, the polarization vectors
is taken from Ref. 15: of the WS phonong&,, , are no longer orthonormalized:
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) ) Q_ For the high-frequency mode one can assumg<<1
E_k=sin(\)e y+i COSU\)?;(Q,k, and|E, ,|?=2, which gives
B o Q4
E, k=cod\)g —i Sm()\)met,kv (10) 202W, (0})= —iQ, ), (16)

whereg , ande; are the usual polarization vectors in the

absence of the magnetic field, and and W, (0,0)=x,, whereQ, y=w.. Therefore, we can
wt — —-0? M keep the high-frequency Debye —Waller factor exgf) as it
—2 (11 is and expand the DSF ingdW,, (0t), a procedure which is
- similar to the conventional low-temperature expansion. Thus,
It is easy to prove thakE+ k|2+|E |2 2. In the strong we have multiphonon emission terms for the high-frequency
magnetic field limit, [E_ (2= (02 + 02 )/w2—0, while mode. Usually, the scattering events described by terms pro-
|E. . W?=2. portional to exp{-iNwt) are forbidden at low temperatures
T<hw, (except for the term wittN= 1), since a ripplon or
a vapor atom does not have enough energy in the laboratory
frame for such emission. In our case, the multiphonon emis-
. * . sion of high-frequency phonons is possible because of the
S(q'“’)ZE eXp—iarn) f_w eXp[“”quz strong broadening introduced by the low-frequency mode
[Eq. (14)]. Such emission is accompanied by the creation and

siP (\)=

Following the procedure developed for the neutron scat-
tering theory:® the Wigner solid DSF can be written as

_ annihilation of a great number of low-frequency phonons.

Xp;r,_ [Wo(n.) =Wp(0.0];dt (12) A straightforward evaluation of all terms of the expan-

where sion in 20°W, (0t) gives the following result:
f |Ep, k| : = N-1/2
= (K= Qp ) 2\/_h Xy
Wolh D= gm0, (et Ve (@)=~ 2

+np,kefl(kr“7 p"‘t)}y 13 h2(w—Nwg)?

Nk is the WS phonon distribution function. Usually, the XeXH —Xq~ erc7 : (17)

expansion ofVy(n,t) in Q, t is justified only for high tem-
perature rangd& > 6, , wheredy, is the WS Debye tempera-
ture. In this case, the Debye—Waller functiog”2V,(0,0)
>1 and the main contribution into the integral of H32)
comes from the region neé 0.

Another approximation is usually used for low tempera-
tures, when B?W(n,t) is small. In this case, the exponential
of Eq. (12) is expanded in 8°W(n,t), giving an elastic

We have disregarded the small frequency shift caused by the
second term of Eq(14). Contrary to Ref. 7, here the WS
DSF involves many quanta of cyclotron motioN¢.). Sur-
prisingly, Eq.(17) evaluated for the electron solid state co-
incides with the DSF of a highly correlated electron lifdid
in which the electron motion is affected by the quasi-uniform

. fluctuational electric field; , distributed as a Gaussian with
term, one-phonon terms, and multi-phonon terms.

: WE?=E{?, and the collision broadening of Landau levels
_In _Ref. 7 it was reasonab_ly noted that for strong mag-FN is disregardedl{o>T',). The quantityl’c can be called
netic fields the frequenc{) _ , is low, and one can expand . :
. ’ the Coulomb broadening of the electron DSF, but it has no
the displacement correlators f_ ,t even for temperatures relation with the Landau level broadening. Moreover, ac-
T<6p . Additionally, it was shown that one can use the in- g ;

coherent approximation. Taking this approach. we find cording to Refs. 10 and 11, the quasi-uniform fluctuational
PP ' 9 PP ' electric field reduces the collision broadening of Landau lev-
2

ith els. The result of Eq(17) explains the experimental obser-
?) vation reported in Ref. 9 that the WS transition does not
affect the CR linewidth.

The first term N=0) of Eq.(17) describes the DC mag-
netoconductivity of the WS. In the extreme linhit>1" the
electron DSFS(q,0)<1/I'c=n_ >, which decreases the ef-
fective collision frequency and,,.

2

2q2[W_(0,t)—W_(0,O)]:—xq4—ﬁcz 2+

hw

FE=— ; [E_W?hQ_ w(2n_ y+1), (14)
e

where x,=q°l 212/2 is a dimensionless parameter. A,

0
>w) k., e havel'c=v2eE{’), with When the fluctuational field is weak' ¢ <% w.), the CR
linewidth is determined by the term witN=1. The fre-

eE”= \/(mT/Ne); (@F @l (15  quency dependence 9tg(w) affects the CR line shape. As

a result, the CR absorption approaches the Lorentzian shape
The quantityE{?) is a measure of the average fluctuationalonly in the limit T'c> ycr(w) where ycg(w)=const. In
electric field acting on an electron. The most important physspite of the frequency dependence of the paramgtgr, the
ics comes from the first term of E¢l4), proportional tot?. linewidth of the absorption curve at a half-height is very
It is because of this term, which affects the time integral ofclose to ycr(w.). Increasing the fluctuational fielﬁgo)
Eqg. (12), that the conventional energy-conservatidfunc-  makes nonlinear terma\EF 1) important, changing signifi-
tion is replaced by a heavily broadened Gaussian function.cantly the density dependence of the linewidth.
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4. RESULTS AND DISCUSSIONS 100
Employing the Wigner solid DSF found above, we can
write the CR linewidthycgr(w.) as
() (eE)1—exp—ho/T)|T N T=0.062K
w.)=
YcrRl®W¢ 2\/;ﬁal“c 2
o0 v-c
X > Fn(hwN=1|/T¢), (19) 2
K=o N! %
=
where = \
& [\
% (@] \
FN(n)=f XNTIAVE(x)exp( —x— p?/x)dX, N
0 -
AX X ' ' " ——
Vg(x)=1+ ﬁw(ﬁ)’ (19 0 0.5 . 150 1.5
+ Y 10° cm

and the coupling functionw(x) is defined in Eq.(6). For
small broadening of the WS DSF (<% w.), the main con-  FIG. 1. CR linewidth versus;: data from Ref. qcircles, WS theory{Eq.
tribution to Eq.(18) is given by the term wittN=1. Since (18] (solid curve, approximation of Ref. 7dashed curve

F1(0) does not depend directly on the electron density
the CR linewidth determined by this term decreases wit

electron densityycr(we) LT, in accordance with Ref. 7. r‘L%oth figures(2 and 3 show that the contribution from terms

: with N>1 is crucial for strong holding fieldéigh electron
For strong Coulomb broadening of the DSH'(( densities. The holding field dependence of the electron-

~hw:), terms withN+#1 play an important role, changing . . : .
the sign of the many-electron effect on the CR linewidth: the”ploIon couplingVq is not strong enough to explain the sharp

decrease of the CR linewidth is turned into an increasec€ase of the linewidth data, taking into account the only

Therefore, the same Coulombic effe@iroadening of the finear term withN=1 (dashed curves The inclusion of

electron DSF leads to the successive narrowing and broad: 2y cyclotron motion quantllw(N>1) makes the WS

. . . theory (solid curve$ close to the data and the half-width
ening of the CR linewidth. behavior similar to that of the semi-classical half-widdot-
Under conditions of the experiment of Ref. 9, the Debye

frequency of WS phononsp = w, and therefore the require- c0 CUTVeS

. It is instructive to note that exciting many high-
ment w, y<w. is met only for the long-wavelength part of frequency phonons with ener@# (., >N, in a single
the phonon spectrum. According to Ed4), in this regime N y P .k @e 9

T'e=fo, and the terms of Eq(18 with N>1 should be scattering event involvipg a ripplon or a vapor atom is apure
dominar(;t. In evaluating Eq18 numerically we useEch) many-electron effect, since at low temperatufesf ) nei-

found by Monte Carlo simulatiod&for a broad range of the ther a scatterer nor an electron have enough energy for this

. . X excitation. In a liquid state of the electron system, it is a
Coulomb coupling paramete?\7ng/T. The full linewidth q Y

of the CR calculated according to E48) is shown in Fig. 1.
As the electron densityy is varied, the holding field is fixed
at E, =275V/cm. It is clear that the contribution from the
linear term(the approximation of Ref. 7—dashed curean-
not explain the experimental data. On the other hand, the
contribution from all termg(solid curveg behaves in good o
accordance with the data. The deviations of the experimental @“ 20
data at high densities from the proposed model are assumed ‘:2
to be caused by the substantial increase of the WS Debye
frequencywp > w. and(} . , for the short-wavelength part of
the phonon spectrum.

It is interesting to compare the new WS theory with the 10
old linewidth versusE, data of Refs. 5 and 6, where the
electron densityng was varied according to the saturation
condition E, =2mens. For comparably high temperatures
(T=0.72K), in addition to the electron—ripplon scattering,
we take into account the electron interaction with vapor at- : ! !
oms. The half-width data and the corresponding theoretical 0 50 100 150 200
curves are shown in Fig. 2. The theoretical curve, including £, ,V/em
all nonlinear terms exflwcl) (solid curve, describes the FIG. 2. CR half-widthAB versus the holding electric fielde( =2men):

data nicely. _FOI’ th? Iow_-temperature regime Of_Fig. B ( data from Ref. Hcircles, WS theory[Eq. (18)] (solid curve, approximation
=0.4 K) the interaction with vapor atoms can be disregardedof Ref. 7 (dashed curje semi-classical theordotted curvi
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20

Q. > w>T/h] allows one to combine the conventional
high-temperature approximation for the solid D&pplied

to the low-frequency mode onhand an exact evaluation of
the contribution from the high-frequency mode. The low-
frequency mode is shown to affect crucially the result that
comes out for the high-frequency mode, causing a strong
broadening of the DSF and strengthening the contribution
from multiphonon terms.

We have shown that under the conditions of the CR ex-
periments with SEs conducted up until the pres&dthe
many-electron effect is very strong, and the multiphonon
emission terms of the high-frequency mode disregarded pre-
viously can dominate the usual one-phonon term. The inclu-
sion of all these terms leads to a DSF of the Wigner solid
which practically coincides with the DSF of a 2D electron
200 liquid whose properties are affected by a quasi-uniform fluc-
tuational electric fieldE; of the proper strength. The CR

AB,Gs

10

0 50 100 150

E ,V/em A . .
L linewidth calculated for the electron-ripplon scattering re-
FIG. 3. Low temperature CR half-width data and theory. The notation is thediMe agrees well with the data of Refs. 5, 6, and 9, eliminat-
same as in Fig. 2. ing the discrepancy between theory and experiment reported
in Ref. 9.

o o A part of this work was supported by the Grant INTAS-
quasi-uniform electric fielde; created by many other elec- g7.1643.

trons that makes the electron scattering inelastic in the frame

moving along with an electron orbit center. In this frame, a*g_mail: monarkha@ilt.kharkov.ua
heavy helium vapor atom moving with the velocityu;
(hereu; is the electron-orbit drift velocity induced k&) has
enoulgh kllnetIC energy, and. elle?ftr?_]n scattering Onhhlgher. Laﬂic. C. Grimes and G. Adams, Phys. Rev. Ld®, 795(1979.

dau _eve s becomes pOSSIp e It the energy exchange _'n thep g Fisher, B. I. Halperin, and P. M. Platzman, Phys. Rev. é&t798
moving framefiq- u;~ekE;l is larger than the level spacing (1979.

fho.. 3B. A. Wilson, S. J. Allen, Jr., and D. C. Tsui, Phys. Rev. Ldid, 479

In the WS theory, it is the inclusion of a great number of 2189887%&]?' Wilson, S. J. Allen, Jr., and D. C. Tsui, Phys. Rev28
low-frequency WS phonondX_ (<T/#) with the distribu- 47 schlesinger, W. I. Wang, and A. H. MacDonald, Phys. Rev. 5873

tion function n_ ,=T/hQ_ >1 that makes possible the (1987. ;

emission of many high frequency phonons. One can find the V- S Edel'man, Zh. Esp. Teor. Fiz77, 673(1979 [Sov. Phys. JETBO,
proper multiphonon terms with convgntion&lfunctions by Gségftgdgkan‘ Usp. Fiz. Nauk30, 675 (1980 [Sov. Phys. Usp23, 227
expanding the exponential of E(L2) in both 2g2W_(n,t) (1980)].

and )W, (n,t). The explanations given just above de- ’M. I. Dykman, J. Phys. 5, 7397(1982.

scribe a complicated phenomenon, involving not only many:M Saitoh, J. Phys. Soc. Jp&6, 706 (1987.

o1 o .
- L L. Wilen and R. Giannetta, Phys. Rev. L, 231 (1988.
electrons but also a great number of WS excitations, in terms_ Teske, Yu. P. Monarkha, M. Seck, and P. Wyder, Phys. Rev. 82tt.

of simple scattering events. Still, the quantity in Eq7) 2772(1999.
represents a DSF of an electron crystal which does not dééYu. P. Monarkha, E. Teske, and P. Wyder, Phys. Re62B2593(2000.
pend on the interaction with scatterers. W. Gotze and J. Hajdu, J. Phys.10, 3993(1978.

13Y. Shiwa and A. Isihara, J. Phys. 1B, 4853(1983.
Yu. P. Monarkha and K. Kon¢submitted for publication
5. CONCLUSIONS 15Yu. P. Monarkha, inTwo-Dimensional Electron Systems on Helium and
Other Cryogenic Substrategdited by E. Y. AndreiKluver Academic
Establishing a relation between the effective collision puplishers, Dordrecht, Boston, Lond@097)].

frequency and the electron dynamical structure factor, thé®A. V. Chaplik, Zh. Esp. Teor. Fiz62, 746 (1972 [Sov. Phys. JETRS,
. , : 395(1972)].

cgnductlwty tfheor);]o(fjthg Wl?nerdS(;lld prli’eS?]nted hefrehtakegrYu. P. Monarkha and S. S. Sokolov, Fiz. Nizk. TerBp350 (1982 [Sov.
advantage of methods developed for the theory of thermal ; | o\ Temp. Physs, 173(1982).
neutron scattering. The important point is that a 2D electrori®w. Marshall and S. W. Loveseyheory of Thermal Neutron Scattering
system represents a moving target whose DSF is analyzed{Oxford, Clarendon Press, 1971
while scatterergripplons and vapor atomglay the role of (Cl'gg%”g'Ye”' M. 1. Dykman, and M. J. Lea, Phys. Rev5§ 16272
thermal particle fluxes, since their properties are well known. '

The eXBtenC? of striongly separ.ate_d phonon modes of theyis article was published in English in the original Russian journal. Repro-
electron crystal in a high magnetic fie[d)_ <T/A and  duced here with stylistic changes by AIP.



LOW TEMPERATURE PHYSICS VOLUME 27, NUMBER 6 JUNE 2001

SUPERCONDUCTIVITY, INCLUDING HIGH-TEMPERATURE SUPERCONDUCTIVITY

Spin and superconducting fluctuations in the copper—oxygen planes of a quasi-two-
dimensional high-temperature superconductor

G. G. Sergeeva* and V. Yu. Gonchar

Kharkov Physics and Technology Institute National Research Center, ul. Akademichaskaya 1,
61108 Kharkov, Ukraine

A. V. Voitsenya

V. N. Karazin Kharkov National University, pl. Svobody, 61007 Kharkov, Ukraine
(Submitted September 7, 2000; revised January 10,)2001
Fiz. Nizk. Temp.27, 634—641(June 2001

The features of the two-dimensional superconducting and spin fluctuations in the copper—oxygen
planes of quasi-two-dimensional high-superconductors &<T*, whereT* is the

charge ordering temperature, are studied in the two-dimensi@BalXY model of Berezinski
Kosterlitz, and Thouless. It is shown that the coexistence of three plras¢sllic, almost

insulating, and superconducting the copper—oxygen planes, with an independent distribution

in each plane, enhances the semiconductor character of the charge transport afong the

axis and leads to two channels of charge tunneling with different temperature dependence of the
tunneling probabilityt.(T). The expressions obtained for the temperature dependence of

the resistivityp(T) can be used to determine the temperature of th&X2brdering of the copper
spins in the insulating stripes and the dimensionality of the superconducting transition from

the results of measurements. ZD01 American Institute of Physic§DOI: 10.1063/1.1382988

1. INTRODUCTION Berezinski—Kosterlitz—ThouleséBKT) transition? ®i.e., to

a process of 2IXY ordering of the copper spins in the CuO
planes at a temperatuiBst<Tso, Where T ,<T* is the
temperature of the 2D superconducting transition in mean
field theory. In spite of the fact that the 2D superconducting
fluctuations and the signs indicative of a BKT transition have

. . een observed in the majority of quasi-2D HTS@Gsee the
0.2, and the superconducting phases Bi2212 and TIZergevieV\? and the references cited thergiit has remained

for all values of5 are examples of quasi-2D HTSCS. Ape- oo\ heiner such a transition will oceur in bulk HTSCs
culiarity of these materials is that they have a weak interac- . . - :
hen the interactions along tlieare taken into accoufit.

tion between planes and strong anisotropy of the resistivit)),N .

p. along the & axis and p,, in the CuQ plane: from . Thg cause of the. changg |2n characterfof the terr:lperature
pel pan~10° for Bi2212 1o po/pay~10° for YBa,CusOg ependence 0p(T) in quasi- D HTSCs rom metallic to _
and La_,Sr,Cu0,. The strong,s-dependent anisotropy of semiconductor behavior has not been established. The main

these compounds leads to substantially anisotropic changd¥ficulty is apparently that in the temperaturq;eglon where
in the spectral density of the current carriers To(8)<T  Pc €xceeds the Mott—loffe—Regel limjty~10"<Q-cm a
<T*(), i.e., it gives rise to features near the Fermi energyluasi-2D HTSC can no longer be treated as an anisotripic 3D
and the related state known as the pseuddgae tempera- metal? Then it becomes problematic to describe the normal
ture T*(8) at which the pseudogap appears is also called th&tate of the Cu@ plane, which on a mesoscopic level is
charge-ordering temperature: BE T* insulating and metal- Substantially inhomogeneous fdg<T<T*: in addition to
lic stripes are formed in a process which is the dynamicthe insulating and metallic stripes, for<T., superconduct-
analog of phase separation. ing regions also arise in the plaﬂﬂa‘.12 Several models have
For T,<T<T* quasi-2D HTSCs exhibit some unusual been proposed to explain the resistivity anomalies of the
effects for the normal state of HTSCs, such as 2D fluctuaquasi-2D HTSC¢see Sec. Il, 2a of Ref)7these include the
tions of the short-range antiferromagnetic order parameter ifnterlayer tunnelingILT) modef®~**and theoretical models
the insulating stripes, semiconductor behaviopgfT), and  of the ground state for the Cy@lane which go beyond the
2D-3D dimensional crossover of the superconducting flucframework of the ordinary Fermi liquiti:*?In the ILT model
tuations. The 2D vortices and 2D superconducting fluctuathere have been interesting attempts to link the incoherent
tions are observed in an unusually large temperature intervatharacter of the charge transport along thexis to features
97-178 K for yttrium HTSC5and 84—245 K for Bi2213.  of the charge dynamics in the Cu@lané® and also the
This suggests that the superconducting transition is due toiateresting hypothesis that the resistivity anomalies of

It is known that the superconducting transition tempera
ture T, in layered high¥; superconductordHTSC9 depends
substantially on the degree of dopidgand reaches a maxi-
mum at an optimal valué~ 6.. Compounds withd<§;,
such as YBsgCuOs with 6<6.7, Lg_ sSrsCuQ, with &

1063-777X/2001/27(6)/5/$20.00 468 © 2001 American Institute of Physics



Low Temp. Phys. 27 (6), June 2001 Sergeeva et al. 469

quasi-2D HTSCs are of a fluctuational nat&fe?°Using this  exists a maximum valu&, < T, and a minimum valud ,
hypothesis, it was shown that taking into account the stron@f the transition temperature; these are determined by the
2D superconducting fluctuations fa,.<T<T* leads to an averaged values of the exchange interaction constants of the
excess conductivity in the Cy@lane® and to semiconduc- copper spins in insulating regions of the maximum and mini-
tor temperature dependence of the resistipitgT).*° mum sizes, respectively.

To elucidate the relationship between the superconduct- Thus for T,,<T<T, the “striped” planes have coex-
ing and BKT transitions in quasi-2D HTSCs, in this paperisting regions of metallic, almost insulating, and supercon-
the fluctuational model of interlayer tunneliigs used to  ducting phase¥!® Further lowering of the temperature is
find the temperature dependence of the resistiwifyT) for  accompanied by the excitation of fluctuations in the super-
T.<T<T*. A comparison of the expression obtained belowconducting regions; these relations are described by the BKT
(Eq. 4 with the measureg,(T) for Bi2212 single crystaf® 2D XY modef~° (2D vortices, antivortices, and paired vor-
has made it possible to determine, without the use of fittingices with an exponential temperature dependence of the
parameters, the temperatufgy(5) of the 2DXY ordering  correlations forT.,>T> Tgkt and with a power-law depen-
of the copper spins in the insulating stripes and the dimeneence forT<Tgk.
sionality of the superconducting transition. To illustrate how
the different regimes of magnetic behavior of the spins of3. ANALYSIS OF THE TEMPERATURE DEPENDENCE
copper and holes in the Cy(plane of quasi-2D HTSCs OF THE RESISTIVITY p.(T)
depend on the oxygen concentration, we construct a mag- 2 .
nefic phase diagra>r/1? in which, in addition to the phases ok?— Attemperatures such thakype>piy , & quasi-2D HTSC

. . can no longer be treated as an anisotropic 3D nietale
served previously; we note phases of 2XY ordering of charge transport along tlteaxis takes place by a process of
the copper spins in the Cy(plane and in the insulating 9 b 9 P yap

: tunneling through a nonconducting barrier, and the quantity
stripes. ) . . )
pc/pwm is proportional toN/Nyt., the ratio of the density of
statesN in the sample to the fraction of the stafdg in the
2. 2D FLUCTUATIONS IN "STRIPED” CuO , PLANES CuG, plane which, with probabilityt., have overcome the

The strong antiferromagneti¢AFM) fluctuations in  barrier**"~#Thus, to within a constant factor, the tempera-

quasi-2D HTSCs, despite the substantial difference of th&ure dependence.(T) is given by the expression
exchange constants of the in-plad¢and interplanel; in- puN
teractions §o/J,>10), prevent the 2D Heisenberg ordering  pc(T)~ 1)
of the spins. ForT<T* the CuQ planes can be called ot
“striped”—a structure is established which consists of The lack of success met in attempts to explain the semicon-
stripes of insulating and metallic phases with a stripe widthductor behavior op(T) in quasi-2D HTSCs by a decrease
dependent on the hole concentration in the plane. AlthougRf the density of stateN, due to superconducting fluctuation
destruction of the AFM order in the system of copper spinseffects in the Cu@ plané”*® has motivated studies of the
of an individual insulating stripe does not occur, the shorttemperature dependence of the tunneling probabili(y)
range order for the copper spins of each stripe is established ¥ 2 (y is the degree of anisotropy of the HTBE
independently? and in the absence of magnetic field the £(T) 12
. . . . Cc

sample remains unmagnetized. Thus the “striped” plane in  t(T)~ } ,
the normal state is an unusual 2D object with regions of spin gan(T)
and charge nonuniformityof mesoscopic dimensionsFor  where &,,(T) and &.(T) are the correlation lengths in the
such a plane one can speak of fluctuations of the short-rangeuO, plane and along theé axis. In a 3D superconductor the
AFM ordering and of the “two-dimensional” charge of the temperature dependence &f,(T) and &.(T) is the same,
guasiparticles. The value of the “two-dimensional” charge isand the tunneling probability, and the degree of anisotropy
proportional to the 3D interaction constant divided by theare therefore independent of temperature. We shall show be-
distance between plan&sThe ground state of such a meso- low that in quasi-2D HTSCs the coexistence of three phases
scopically inhomogeneous plane goes beyond the framewoiik “striped” planes, with an independent distribution in each
of the usual Fermi liquid theory, and this topic is currently of plane, enhances the semiconductor character of the charge
great interest'?and requires a separate discussion. transport along th€ and leads to several channels for the

It can be assumed that in the “striped” planeTat T,  tunneling of charge, with different temperature dependences
<T* the exchange of 2D spin excitations with wave vectorof the probabilityt.(T).
equal to the AFM vectoQ= (7, ) leads to pairing of the As we see from Eq(1), the main contribution to the
2D charges. As was noted in Ref. 24, only excitations withresistivity p.(T) is from the tunneling channels with the
such a wave vector will leave a quasiparticle on the Fermsmallest values oft,(T). In quasi-2D HTSCs aff.<T
surface after interacting with it. The spin-fluctuation mecha-<T the two-dimensionality of the superconducting fluctua-
nism of pairing, which has been discussed for almost tetions (up to temperatures of 200 K)>* leads to a situation
years now" gives rise to fluctuational superconducting where &,(T)~const while the correlation length,(T) is
regions? in the “striped” planes in quasi-2D HTSCs at temperature-dependent, i.e., to a temperature-dependent
T<T.o; the size of these regions is limited on from aboveprobability t.(T) [Eq. (2)]. In a study of 2D fluctuation ef-
by the correlation length of the 2D AFM fluctuations and fects for&,,(T) one can use the results obtained by Halperin
from below by the correlation length of the superconductingand Nelsof? for superconducting films with a superconduct-
fluctuations. With allowance for dimensional scaling thereing transition temperature equal igkt. In the temperature

@
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regionT.,<T<T the temperature dependence of the cor-

relation lengthé,,(T)= &4p(T/Teer— 1) Y2 is determined

by the Landau—Ginzburg formula, and the tunneling prob-

ability decreases with decreasing temperature:

& (
T —~ —
() &b

—1), @)

TBKT

whereé,, and &, are the values of the correlation lengths at

T=Tgkr. It follows from Egs.(1) and (3) that in this tem-

perature region the resistivily,(T) increases with decreas-

ing temperature:

pe(T)=K(T—Tgxp) 1, (4)
where
2
Pm gab
k:TBKT —N (5)
Noé2

At lower temperaturesTgxt<T<T.m, When vortex
fluctuations are described by the BKT 20Y model#-62¢

rlz ;{Tcm_ TBKT
T_TBKT

1/2
TBKT

fab(T)Nfﬁ‘t’[mo(nm— Tor?

Sergeeva et al.

Pe, Q-em

FIG. 1. Temperature dependence of the resistiwjtpf Bi2212 single crys-

tals with different oxygen concentrations. The points are the measurements
of Ref. 21, the curves show the dependepdd) =k(T—Tgxr) ~* (Eq. (4))

for a single value of the adjustable paramekerwhich for 6=0.2135,
0.216, 0.22, and 0.23 had the valukes 1418, 1253, 1075, and 859.2,
respectively.

a second channel of tunneling opens up, which has an expg: The reason for this dependence is cléBy;: depends on
nential temperature dependence of the tunneling probabilitthe number of dangling bonds between the spins of the cop-
t.(T) and carries the main contribution to the resistivity in per atoms in the insulating stripe, which is determined by the

this temperature interval:
1/2

Tem= Tk
T)=k,expdb——7+—| , 7
pC( ) 1 F{ T_TBKT ( )
where
& NT,
__PmSap BKT ®)

v No&2 4b(Tem—Takr)

Hereb is a constant®

Expressiong4) and(7) allow us to determin .,, T,
and Tgkt from measurements gf.(T). Choosing a pair of
points T; , T; in the interval T >T; ;>T.,, we can deter-
mine the temperatur&gx from (4) without adjustable pa-
rameters:

piTi—piT;
T :—J
BT Pi— Pj
wherep;=p(T;) andp;=p(T;). For calculatingT gk from
Eqg. (9) we used the results of measurementspgfT) for
Bi2212 single crystafs with different oxygen concentrations
6 (Fig. 1. Pairs of pointsT;,T; on the p,(T) curve were

©)

chosen in a temperature interval starting 15—-20 K above thgiﬁ

temperaturer?

stripe width~ 8~ Y2, The smaller the value of, the wider
are these stripes and the larger is the value of the exchange
constant, i.e.T. and T, — T, increase with decreasing
Te— Tem changes from 24 K fors=0.23 to 120 K foré
=0.2135.

Figure 1 shows the results of measurementsT dfo)
and calculation of the averaged valuBsg () for Bi2212
single crystals’ As we see from Fig. 1 and Table |,

log Tgkr(8)=6(0.5- ), (10)

and so the temperatuBsxt and, hence, the degree of an-
isotropy of the samples increase with decreasing

Taking the logarithm of expressiof7) and finding the
difference Inp;—In p;, we obtain the expression

(INpi/p))*(Ti— Tk (T;— Tak)
[(Ti= Tekn) Y= (T;= Texn)¥4?

11)
from which, for knownTy,,, T/, andTggkr, We can deter-
mine the constanb. Calculations ofb for the curve with
6=0.2135 give the reasonable valbe-0.42.
As we see from Fig. 1, the values B¢ for samples with
erent degrees of doping are close to the superconducting

Ab(Tem—Takr) =

at which the semiconductor behavior of the 5 ition temperature of an ideally doped sample; 88 K.

resistivity stops. The results obtained after averaging the val-

ues of Tgk for four pairsT;,T; are given in Table I.
The solid curve on the (T) plot in Fig. 1 indicates the

regions in which the results of the measurements are de-

scribed by expressiof¥) with a single value of the fitting

parametek. This makes it possible to estimate the values of

the temperature$.,, and T.,. As we see from Fig. 1T .,

=96 K and is almost independent of the oxygen concentra-

tion. The value ofT ., (given in Table } and, hence, the value
of the fluctuation intervall ,;— T, depend substantially on

TABLE I.

o Tekrs K To, K
0.2135 61.72 215
0.2160 60.62 160
0.2200 56.20 123
0.2300 47.92 120
0.2600 32.78
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F 4. DISCUSSION OF THE RESULTS
500 \ Nature of the superconducting fluctuations
300} "\\ Calculations have show(frig. 1) that in a large tempera-
200+ 4 ture interval T, — T, Which depends on the oxygen con-
centration, thep.(T) curves for Bi2212 single crystafsare
x satisfactorily described with allowance for 2D superconduct-
— 100r Ty - ing fluctuationgsee expressiof4)]. The size of the fluctua-
705 ‘x\ E 3 tion interval depends on the dimensionality of the
50t y fluctuations—for a plane the transition to the superconduct-
S | it ing state occurs at the temperatigct, and the fluctuation
301 ; Tg | T interval for a “striped” plane would be determined by the
20} difference Too— Tgkr, i.€., it would be much larger. In a
quasi-2D HTSC, taking the 2D fluctuations into account
renormalizes the interplane tunneli’qug) to such a degree
10} that the dimensional crossover occurs before the BKT tran-

0,15 0,20 0,25 sition.

51 62 5 In layered systems the probabil'rty(Tg) for the tunnel-

FIG. 2. Magnetic phase diagram as a function of the oxygen concentratiol'9 of charge along thé axis determines the character of the
5 for Bi2212 single crystalsl—3D AFM state with ordering of the copper Superconducting transitioit: at sufficiently small to(T),
spins, Ty(6), and “freezing” of the hole spinsT¢(5); 2—cluster spin glass  when

state for6=6,, T<Ty(J); 3—region of the superconducting stafight

shading, T.(8) (O—the results of measuremefits 2+ 3—coexistence re- Tg/s,:>tc(T2), (12

gion; 4—2D XY ordering of the copper spins in the Cu@lanes,Topxy(5); . . . . .
52D XY ordering of the copper spins in the insulating stripes for the transition is 2D with 3D superconducting fluctuations for

6=6y, T=<Tgyr(5) (M—the results of calculations, see Table 5+3— T, <T<T? (Ref. 23. The ratioTY/s is limited from above
the coexisteljce_region of these states fo¢5,; 6—normal state with by fluctuations of the phase of the order parameter and from
charge ordering in the Cuyplanes. below by fluctuations of the number of Cooper pairs:

Y3t (TH)>TYee>In"1t,(TY). (13

Using expression§l2) and (13) and the above calcula-
Thus the second tunneling channel, which leads to exponefions, one can determine the dimensionality of the supercon-
tial growth of the resistivityp(T) [Eq. (7)] with decreasing  ducting transition in a quasi-2D HTSC if, in addition to the
temperature, gives a contribution in a relatively small tem-results of thep.(T) measurements, the values of and
perature interval .,— To~8 K, which is nearly independent ¢2/¢2are known for the same samples. For four Bi2212
of the oxygen concentration. single crystal®' with values 5<0.26 the superconducting
It has been established experimentally that in the supefransition occurs as two-dimensional, with a bounded inter-

conducting state fofT<T, the tunneling probability no yal T.—T% of 3D superconducting fluctuations: condition
longer depends on temperatdfeThis allows us, as in Ref. (13) holds forer~200 K and¢?/£2,<0.01.

18, to define the temperatul@ at which the semiconductor

trend of p.(T) abruptly stops, as the temperature of the di- , ,
mensional crossover from 2D to 3D superconducting fluctuaM29netic phase diagram
tions. A comparison of Table | and Fig. 1 shows thg+ To illustrate how the behavior of the spins of the copper
<T., i.e., taking into account the 2D fluctuations in a and holes in the Cu{plane of quasi-2D HTSCs depends on
quasi-2D HTSC renormalizes the interplane tunnetif(@) the oxygen concentration, a model of the magnetic phase
to such a degree that the dimensional crossov@fatccurs ~ diagram is shown in Fig. 2. Besides the previously
before the BKT transition. The fact that the vaIuesT@ffor observed phases of ordering of the copper spins, such as
samples with different degrees of doping are close to théhe 3D AFM state at the Ng temperatureTy(5) (1), the
superconducting transition temperaturg 6.) ~88 K of an  cluster spin glass states with strong magnetic correlations
ideally doped sample allows us to assume fﬁ%\tand the (2), and the superconducting std8, two additional phases
superconducting transition temperature in mean field theorgre noted in Fig. 2: a phase of 20DY ordering of the copper
with 3D fluctuations are quantities of the same order. Foispins in CuQ plane[regime4, T,pxy(48)] and in the insu-
superconductors with a spin-fluctuation mechanism of pairfating stripeqregime5, Tgk1(5)]. The dependence a (5)

ing the temperaturé'g is determined by the interplane ex- gives an upper limit on the region of charge ordering of
change interaction constadt and is almost independent of nonsuperconducting samples, the region of the normal state
the oxygen concentration. This definition of the temperaturdregime6) of superconducting samples with a semiconductor
T2 agrees with the results op,(T) measurements: for behavior ofp.(T), and, as will be discussed below, the re-
samples with different degrees of doping the breakoff of thegime 5+ 3 for T<T,.

semiconductor trend of the resistivity is almost independent At low concentrations’ (regime1) the spins of the G

of the oxygen concentration and occurs at temperatures closad the spins of the holes are ordered independently: the
to the superconducting transition temperature of an idealljormer orders in the 3D AFM state at the &légemperature
doped sampleT.~88 K (Fig. 1. Tn(6), while the hole spins “freeze” at(6). With increas-
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ing &, at intermediate doping, when there is neither long-for Bi2212 single crystaf$ the superconducting transition

range AFM order nor superconductivity, &, Ty(J;) occurs as a 2D transition with a finite interval of 3D super-

=T:(61) =Ty, atransition occurs to a cluster spin glass stateconducting fluctuations.

with strong magnetic correlatiorieegime2). The absence of 4. The fluctuational temperature interva},— T¢p,, in

long-range AFM order can be explained by the limited sizewhich the temperature dependencé€T) is satisfactorily de-

~ 6712 of the AFM regions that arise upon charge ordering.scribed by 2D Landau—Ginzburg fluctuations, increases with

Regime2 with 6= &, coexists with the superconducting state decreasing oxygen concentration. It was conjectured that this

(regime 2+ 3) up to the concentratiod, at which Ty(d;) is due to growth of the degree of anisotropy of the samples

=0. In the case5< 8, a region of 2DXY ordering of the as é decreases.

copper spins in the Cu(plane, 5. A model of the magnetic phase diagram was con-

structed as a function of the oxygen concentration in respect

Taox()=T=Tn(9), to the different regimes of behavior of the spins of the copper

which has been well studied for anisotropic magrietgime  and holes of a quasi-2D HTSFig. 2). Besides the previ-

4), precedes the 3D AFM ordering. With increasing oxygenously observett regimes, viz., a 3D AFM state at the dle

concentration, fo> &, a charge ordering of the nonsuper- temperatureT(5), a cluster spin glass state with strong

conducting regions occurs, and regifgoes over to regime magnetic correlations, and a superconducting state, two ad-

5, a 2D XY ordering of the copper spins in the insulating ditional regimes are noted: 2Y ordering of the copper

stripes forTy(6) <T<Tgk(d). spins in the Cu@plane and in the insulating stripes.
Regime5 precedes the cluster spin glass state in nonsu-

perconducting samples wiidy < < &, (regime2), while for

5,< 8< 6, it coexists with the superconducting staté ( , _ _

+3), and forT>T, it precedes the regim2+ 3. The exis- E-mail: gsergeeva@Kkipt.kharkov.ua

tence region of regimé&+ 3 is bounded on the right by the
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A study is made of the phase states of a biaxial non-Heisenberg ferromagnet with a large
biquadratic interaction in an external magnetic field. It is shown that in such systems the formation

of canted phases is energetically unfavorable but that the quadrupolar and ferromagnetic

phases can exist in them. The phase transitions between these phases are studied, and it is shown
that they are first-order transitions. The field of the first-order transition is found. The phase

stability fields are determined from an analysis of the spectra of coupled magnetoelastic waves.

© 2001 American Institute of Physic§DOI: 10.1063/1.1382949

1. INTRODUCTION

1
H=—H2 Si—5 2 {I(n-n")S; Sy +K(n-n")

It is well known' that an adequate description of the n
exchange interaction of magnetically ordered systems with
spin S greater than 1/2 requires taking into account not only
the terms bilinear in the spin operators but also invariants of
higher order. The simplest model that takes such invariants .
into account is that of a ferromagnet with a biquadratic _R2N T iiaty2 —\2 i Qi
interaction:™ For example, taking ?he biquadraticqinterac- BZ; 2 &)+ (S) }+V§j SnShj (n)
tion into account is important in studying the magnetic prop-
erties of the cubic intermetallides TmCd and TntZiThe +f dr
point is that the magnets mentioned, and a number of other
systems as welle.g., rare-earth pnyctidgsan be found in a
nonmagnetic state & =0 (the so-called quadrupold®P)
phases and undergo a transition to a magnetic phase upon
the imposition of a sufficiently high magnetic field. _

The nature of this metamagnetic transition can vary. InwhereS, is the spin operator at site, J(n—n’) andK(n
some cases the singlet ground state of the magnet is due to-an’) are the Heisenberg and biquadratic interaction con-
large value of the single-ion anisotrogA).>*’ Another  stantsB9 andB3 are the SA constants,is the ME coupling
possible mechanism leading to a nonmagnetic phase abnstant\ and 7 are elastic moduli, and;; = 1/2(du; /dx;
H=0 involves a biquadratic interactidrf.In highly aniso- +du;/dx;) is the symmetric part of the elastic strain
tropic non-Heisenberg magnets these two factors can act Siensor.
multaneously, shaping the features of both the ground state The system described by Hamiltoniéh) was studied in
and the spectral properties. It should also be noted that mO§t4j| in Ref. 8. However, the case considered in Ref. 8 is

;)hfter_l fucht_syste][ntsr] are StUd't?d W'Ehoui taklngtr:n:ﬁ accm:r)g_‘at in whichB§>0 and the biquadratic interaction is small,
© Interaction ot the magnetc subsystem wi € cyslae Ko<Jp. In this paper we consider a different situation,

lattice, i.e., the magnetoelastiME) interaction. 5 . o o
Many papers have been devoted to the study of non\!vhen B5<0 and the biquadratic interaction is greater than

Heisenberg magnetésee, e.g., the review by Loktev and the Heisenberg exchangE{>J;). As in Ref. 8, we assume

Ostrovskif). Those papers have mainly investigated non-Nat the magnetic ion has sp8=1. The SA and ME cou-

Heisenberg magnets with a weak biquadratic interaction. It ifling ffects are taken into account exactly by means of the
of interest to study the behavior of non-Heisenberg ferroHubbard operator technlqﬁelvlany-of the intermediate re-
magnets in the case when the biquadratic exchange is grealts of the present paper agree with the results of Ref. 8, and

X(Sy )%= B2, {3(S)7-S(S+1)}

ANt 7y
5 2 uf+ 2 uE N U
i ij 1#]

@

than the Heisenberg interaction. we shall therefore not give them in detail here.
Separating out in the exchange pari dfthe mean field
2. PHASE STATES OF A BIAXIAL FERROMAGNET associated withS*) and the additional fieldg (p=0,2)

As a model system we investigate a biaxial non-due to the presence of the quadrupole moments, we obtain
Heisenberg ferromagnet in an external field parallel to théhe one-site Hamiltonian, whose eigenvalues determine the
0X axis. The Hamiltonian for this model is written energy levels of the magnetic ién:

1063-777X/2001/27(6)/5/$20.00 473 © 2001 American Institute of Physics
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BO0_ B2 0 0
e BBl [ o, Uytu) x B3/ (Ko-Jo + ao)
R e Y AR ;
BO_B2 u(© 4 4O
Eo= 22 2 | uQ@+ yy2 22 +)2_(, Qp,
E_=B5-B3+v(uld+uld), ap, s
X?=4H2+[3B3,+ B3, + v(uld —ul?) 12 () o BY/ (Ko-Jo + ag)
:
Here 2
_ K - K
H=H+ Jo—7°)<SX>; B2, =B3+ 5 G%n

K
B2 _p2, 0 2. P _/AP \-
an Bz+ 2 Q2ns O2n <02n>’ FIG. 1. Phase diagram of a biaxial non-Heisenberg ferromagnet with a large
biquadratic interaction at =0.

0%,=3(S)-2: O3,=5[(S)%+ (S, )7

1 When an external magnetic field is turned on along the
SrT:E(SﬁtiS%), 0X axis a nonzero magnetic moment oriented along tke 0
axis arises in the system, i.e., the phases & QB vanish,
and ui(jo) are the spontaneous strains, the explicit form ofand in their place a ferromagnetic—quadrupolar (fFlhase
which is determined from the condition of minimum free is realized. In the parameter regiB3<0, B5<3B the QR
energy density: phase exists even fdtl #0. For K,>J, the formation of a
canted ferromagnetic—quadrupolar phase becomes energeti-

A+ -\ e i thi
u0= u; U= — Msinz o: cally unfavorablée? since in this case the ground state energy
7(p+3\) n(n+3\) (E,) in the ferromagnetic—canted phase becomes maximum.
v(7—N\) Thus two phases can be realized in the study under study:
o__ NN 2 b
27= (73N cos 0, FM, and QR.
mn Let us investigate the phase states of the system in the
3B+ B2+ v(u@-uQ) oH two_ regions of 'materialzparameterB§>—382 and Bg
cos 0= , sin26=—. <—3B,, assuming thaB5<0. The parameter regioB;
X X = —352 corresponds to an easy-plane ferromad@é&xy is
The eigenfunctions of the one-site Hamiltorflane used as a the basal plang which was well studied (i)n Ref. 11.
basis for constructing the Hubbard operatorx™ Let us first consider the ca®$> — 3B3. ForH=H_ the

=|W,(M"))(¥,(M)|, which describe the transition of the System is found in the phase QPAt the pointH=H, the
magnetic ion from stat®! to stateM’. The spin operators System undergoes a transition to the Fhase. Here the

are related to the Hubbard operators as order parameters change abruptiifye magnetization jumps
N o 0 ot from zero to(S)¢~1, andq3 jumps from—1 to 0), and it
Sy =(Hp —Hp)sin 20+ (X, "+ X;")cos 20 can therefore be assumed that the A®P, phase transition

is first-order. The value ofS*) at H=H. and the value of

+ (X, T=XT)sing+ (X, °—X%)coss, - Ve / ;
O n ) (% n) the phase transition fielt itself are determined from a

S, =(Sh)", system of two equations:
SE=(X; "+ X, ")coss— (X0~ + X, %)sine. (3) (89 —sin2s (2q) w
=sin26.=| — ,
If the biquadratic exchange is greater than the Heisenberg ¢ ¢ X T h-n,

interaction, then, as was shown in Refs. 3 and 4,Her0
only the quadrupolar phases QRP,, and QR are realized 3 , o 1 _ 1, o
in the system. The order parameters in these phases are 5 (B2=B2)— 5 (Ko=Jo+ ap)sir’ 20, + 5 |B3+38,|

. _ 0_~2_ 1.
QP KYy(§)=0, dz=03=1; X €0S 205+ H, sin 26,=[H¢— (Ko— Jo+ ag)sin 26,]

QP KY;($)=0, g3=1, gi=-1; 1
X c0s 20— = |B3+3BY|sin 26, . (5)

QP KY;(S)=0, d3=-2, 63=0. 2

The phase diagram fdd =0 is given in Fig. 1(see Refs. 3 Hereay=1?/27 is the ME interaction parameter. Equation

and 4. The linesl, 2, and3 are lines of second-order phase (4) determines the value of the magnetization at the phase

transitions and are described by the equatiBas- —3BY, transition point, and Eq(5) is the condition of equal free

B5=3BY, andB3=0, respectively. energy densities on the line of phase transitions.
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In the parameter regioH <(B3+ 3B3)/2+Ky—Jo+ag
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Xij = G§(wn)b(a)cij(a) + Bk, N )T~ *(k,\)

the field of the first-order phase transition of a biaxial non-

Heisenberg ferromagnet is given by the expression

Hc=—2B3[B5+3B3+2(Ko—Jo+ap)], (6)

and the jump in magnetization is small:

ZBS 1/2

 B2+3B%+2(Ko—Jo+ ag)

(S)c~2

It follows from formula (6) that for B§=0 the fieldH,
=0, which corresponds to the @RQP, phase transitiolsee
Fig. D).

If the parameters of the system are related3as 3B9
<2H-2(Kg—Jptag), then the jump in magnetization is
large (~1):

2

($)e=1-,
where A=B5+3BY/2(H,—Ko+Jo—a,), and the field of
the first-order phase transition is

3(BY—B3)+Ky—Jy+ag
=
2

1 (3B5+B3)?
+Z 7 o0 ~ .
3(B2-B9)+Ko—Jo+ag

Let us investigate the behavior of the spectra in the vi-

cinity of the field of the first-order phase transition. We as-
sume thatH=H,, i.e., we are in the Flylphase near the
transition field. The wave vectdr is in the direction of the
external field, i.e., parallel to theXDaxis. In this geometry

the nonzero components of the polarization unit vector of the

quasiphonons are, €’, andef, and the nonzero ampli-

tudes of conversion of the magnons into phonons and back

have the form

T’*(k,t)=T*’(k,t):igTo(k,t)ekasina,

-0 0- v 2

T kt)=T (k,t)=—|ETO(k,t)ethcosﬁ,
T (k)= =T~ (k)= 5 To(k, e’k coss,

14
T70k,t) = =T (k,7) = 5 To(k, T)elkysin,

expik+n)

TN G, (o7

where w,(k)=c,k is the dispersion relation of the
\-polarized free phonon, and is the mass of the magnetic
ion.

X G(wn)b(a)TA(—k,\")GE(wn)b(B)cij(a,B);

Dy(kw,)
1-Q)\/Dy(k,wp)’

Qv =T*(—kN)G§(w) T~ (k,\");

Cij(a, B)=ai(a, B)Ayj;

aik=Ci(a)c(—=B), ba)=(a H);
2, (K)

wﬁ—w)z\(k)

Bo(k,A,\)=

D)\(kvwn):

is the Green’s function of a free-polarized phonon, and
Gi(w)={w+a-E}" ! is the zeroth Green’s function. The
eight-dimensional vectoc(«) has the following compo-
nents:

ca)={yi(a), yi(a), yi*(—a),
ya(@), vs(a), v3*(—a),
y3(@), v3*(—a)},

and the 8<8 matrix Ann, decomposes into a direct sum of
two matrices:

A —AB) LAB)
A =Aqn ® AL

. 1 0 0
A% = Jn—n")-5Kmn-n)p| 0 0 172],
0 12 0
1 0 0 O
o 0o 12 0
ae K= 9p 0 0 o
nn’ 2 .
00 0 0 12

0O 0 0 12 O

The functionsy!)(a) are determined from the relatid8)
between the spin operators and Hubbard operators. Equation
(7) is valid at arbitrary temperatures and arbitrary relation-
ships among the material constants.

Let us solve the dispersion relatiofY) in the low-
temperature regiofif <T., whereT is the Curie tempera-
ture), where all the main properties of the system can be seen
unobscured by awkward mathematical manipulations.

The solution of equatiof7) yields the spectrum of qua-
siphonons and quasimagnons. Here the first-order phase tran-
sition (at H=H_) is not accompanied by the “softening” of
any mode of collective excitations. A “softening” of the cor-
responding modes can be expected on the lines of phase
stability 1

Let us investigate the behavior of the spectra of ME

The dispersion relation for coupled ME waves can bewaves on the lines of stability. We first consider the same

written in the forn§
det| 5 +x;;[|=0, (7)

where

parameter regiorB3>—3BY. Here it is assumed that the
system is found in the FlMphase. In this case the magnetic
subsystem actively interacts withrgpolarized quasiphonon

mode having the spectrum



476 Low Temp. Phys. 27 (6), June 2001 Yu. A. Fridman and O. A. Kosmachev

ak?+H—Hyg Thus forH=Hg the spectrum of _quasiphonons “soft- _
(8) ens,” and a gap appears in the quasimagnon spectrum; this
gap is given by

w?(k) = w?(k)

ak®+H—-Hgtay

wherea=JgR3 (R, is the interaction radiysandH is the

2 — i _
field of stability of the F\ phase, which has the form 8%(0)=aglag sif 20 +2(Ko—Jo+ao)

Hy= = B2 é+ B2+ 3B+ 2(Ko— Jo+ag) ], X C0S 25(1+c0S 2c)],
£=[3(BI-BY)—2(Ko—Jo+a0) 17+ 32BY(Ko—Jorap).  "'®
©) 3(B2—BY)+2(Ko—Jo+ag) + £
It follows from Eq.(9) that forB3=0 the fieldH4=0, i.e., in Cos 2= 4(Kg—Jo+ag) -
the absence of external field the stability fi€®) and the
transition field(6) coincide on the lin®3=0 and correspond Let us now determine the field of stability of the QP
to the QR—QP, phase transitiorisee Fig. L phase. The quasiphonon spectrum in this phase has the form

yk[3(BI—B2)+2(Ko—Jo+ag) ]+ (HL)?—H?
YK?[3(B3—B3)+2(Ko— Jo+a0) 1+ (H)?— H?+2a,[ 3B3— B3+ 2(Ko— Jo+ag)]’

0’ (K)=w2(k)

where y=K,R2, R, is the radius of the biquadratic ex- B2— 3B vz
change, andH/, is the stability field of the QPphase, which (SYe=| ===
is given by B5+3B3;—2(Ko—Jo+ap)

We note that on the linB5=23B) the fieldH, and the jump
in magnetization go to zero. This situation corresponds to a
QP;—QP; phase transitiortat H=0).

In an analogous way one can obtain the value of the

H .= \/2BZ B2—3B3—2(Ko—Jo+ap) - (10)

In the long-wavelength limit

3B2— B2+ 2(Ko— Jo+ap) first-order phase transition field and the jump in magnetiza-
yk?<2a, g 5 0 0 70 tion in the parameter regiorH>[2(Ky—Jg+ ao)—Bg
3(B;—B3)+2(Ko—Jo+2ao) —3B9]/2:
at H=H¢, the spectrum of~polarized quasiphonons “soft- 3(B%—B2)+Ky—Jo+ag
ens” and takes the form =22 5
) , yK?[ 3BY—Bi+2(Ko—Jo+ag) | ! 1 (3B9+B2)>
D) (k)=w7(k)2— 0 a2 — ) + - :
ap| 3(B;—B%)+2(Ko—Jo+ay) 43(B9-B2) 1 Ky Jotag’

and a ME gap appears in the quasimagnon spectrum. _ X 0
It follows from expression(10) that the stability field of A? B>+3B;

the QP phase becomes equal to zeroBjt=0, which also (She=1=7 where A= 2(Ko—Jo+ag)—2H,"
corresponds to a line of phase transitions;Q®P, for H

=0. Thus the stability field$is and H., and the transition Analysis of the dispersion relatiof¥) shows that the
field H. given by expression6) coincide on the IineB% spectra of elementary excitations do not “soften” at the first-
=0. order phase transition poinH(). Let us consider the behav-

Let us now consider the case when the material paramior of the quasimagnon and quasiphonon spectra on the lines
eters are related aB5<—3BY. As before, forH<H. the  of stability of the FM, and QR phases in the parameter
system is found in the QPphase. At the poinH=H_ the  region B§<—382.
system undergoes a transition to the JFphase. Here the We begin by studying the line of stability of the EM
order parameters change abruptly, i.e., the system undergopkase, assuming that the geometry of the problem is the
a first-order phase transition. The transition field and the  same as before. In the parameter region under study the mag-
jump in magnetization are also determined from Edsand netic subsystem actively interacts withtgolarized qua-

(5). In the parameter regionH<[2(Kg—Jo+ aO)—B§ siphonon mode having a spectrum of the form
- 38%]/2 the field of the first-order phase transition is given
by 2 T
()= (k) —k A Ha 12)
H.=\(B3—3BY)[B5+3B5—2(Ko—Jg+ag)],  (11) ak?+H—-Hg+ag

and the jump in magnetization is small and has the form where
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~ 0_ p2\__ _ gt
Ho= V12383~ B3)[ ¢ ~B3—3B3+2(Ko—Jo+ao) ] where cos 2/ = 22— B2)—2(Ko—Jota) &'
¢ 4(KO_\]0+a0)

is the stability field of the FM phase, and
¢ ={[3(B5—BY)—2(Ko—Jo+a,) ]+ 16(B3—3BY)

X (Ko—Jo+ag) 2 It should be noted that the stability fiekdl, of the FM,
phase goes to zero on the liB§=3BJ. This means that at

In the long-wavelength limi{for ak?<a,) at the stabilit
g-wav gth limitfor « o " zero field the system undergoes a phase transitiop-QP;

field (H=Hs) the spectrum of the-polarized quasiphonons

“ " : : (Fig. ).
softens,” and a gap appears in the quasimagnon spectrum. The behavior of the spectra of the coupled ME waves in
£%(0)=ag[ag Sinf 26, —2(Ky—Jo+ap) the vicinity of the line of stability of the QPphase can be
studied in an analogous way. In that case the spectrum of
X cos 20{(1—cos 29()], t-polarized quasimagnons has the form

yk?[3(BI—B2)+2(Ko—Jo+ag) ]+ (HL)?—H?

®?(K) = w?(k) = :
yk?[3(BI—B2) +2(Ko—Jo+ag) ]+ (HL)?— H?+ dag[ — B3+ Ko— Jo+ag]

whereRl,= \2(B2—3B2) (B2— Ko+ Jo—ay) is the stability ~Parameter regionB;<—3B3 a t-polarized quasiphonon
field of the QR phase. mode behaves in an analogous way. On a plane passing

It follows from the quasiphonon spectrum that in the through the lineB5= —3B3 and theH axis, the frequencies
long-wavelength limit (for yk?[3(BS—B2)+2(K,—Jo of thet- and mpolarized quasiphonons coincide. This is ob-
+ag)]<4ag — B§+ Ko—Jo+a,]) at H= Hét the spectrum viously a consequence of the symmetry properties of the sys-
of the t-polarized quasiphonons “softens:” tem.

ykz — B§+ Ko—Jo+ag -1 *E-mail: MAN@expl.cris.crimea.ua

4ay|3(By—B35)+2(Ko—Jo+ag)|
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Features of the magnetoelectric properties of BiFeO 3 in high magnetic fields

Yu. F. Popov,* A. M. Kadomtseva, S. S. Krotov, D. V. Belov, G. P. Vorob'ev,
P. N. Makhov, and A. K. Zvezdin

M. V. Lomonosov State University, Vorob’evy Gory, 119899 Moscow, Russia
(Submitted November 7, 2000; revised January 21, 2001
Fiz. Nizk. Temp.27, 649—-651(June 2001

It is shown that the destruction of the cycloidal structure of the magnetic ferroelectric BliyeO
a high magnetic fieldl,,~200 kOe) leads to the onset of a linear magnetoelectric effect

and the appearance of a toroidal moment. The proof of the existence of a toroidal nmMbinent
a high magnetic fieldfi>H,) is based on the experimental observation that the off-
diagonal components of the linear ME effect tensor are asymmeigie=(— o, for L|c, where

L is the antiferromagnetic vectprinasmuch a3 ,~ a,— a,;. © 2001 American Institute

of Physics. [DOI: 10.1063/1.1382990

Interest in the study of the magnetoelectric properties oimean values of the projections of the antiferromagnetic vec-
the magnetic ferroelectric BiFe@s largely motivated by the tor remain equal to zero and, as a consequence, the ME ef-
record high electric and magnetic ordering temperaturegect and the related toroidal moment are effectively zeroed
(T.=1083K! and Ty=643K,?3 respectively. It is known out. As was shown in Ref. 8, the cycloidal structure in
that BiFeQ has the structure of a rhombohedrally distortedBiFeQ; is destroyed in a high magnetic fielti,~ 200 kOe,
perovskite, which is described by the space grB3g.* The  which is accompanied by a jump of the electric polarization
symmetry of these crystals admits the existence of a linean connection with the onset of the linear ME effect.
magnetoelectri¢ME) effect and a toroidal moment, but so In this paper we establish that a toroidal moment appears
far only the quadratic ME effect has been obseffeih  in BiFeO, when the modulated structure is destroyed. As was
BiFeQ;. This is because, according to the neutron-diffractionshown in Ref. 9, the magnetic symmetry of the BiFe®ys-
data, their magnetic structure is spatially modulated: theal in the homogeneous state admits the existence of the in-
spins of the F&" ions form a cycloidal structure with a large variantsL,T, and L, T,+ L,Ty, whereL; and T; are the
period (=620 A) in a plane passing through thexis of the  components of the antiferromagnetic and toroidal-moment
crystal and making an angle= —60° with thea axis’Asa  vectors.
result of this, in the insufficiently high magnetic fields at To find the toroidal moment we investigated a quantity
which the measurements of Refs. 5 and 6 were made, thgroportional to it, viz., the antisymmetric part of the compo-

nents of the linear ME susceptibility tensor, in fielts
>H,, with the magnetic field oriented in the basal plane at a
4 45° angle to thea andb axes of the crystal. It is natural to
assume that in this case fdr>H,~200 kOe the spins of the
Fe*! ions are oriented along theaxis of the crystal. In this
magnetic field direction we measured the field dependence of
0 | T N the components of the electric polarization alongahendb
axis of the crystalP,(H) and P,(H) (see Fig. 1, by the
% method described in Ref. 8. These curves, after the charac-
) teristic jump in polarization near the poirt,,~200 kOe,
“')O
o

-4 which is due to the onset of the linear ME effect after the
destruction of the cycloid, have a gently sloping trend of the

polarization. The electric polarization vect®x, including

the ME effects linear and quadratic in the field, is given by

P,
\a Pi= ajH\+ BijH jH. 1
12 As was shown in Ref. 8, in the general case the mairir
B . the homogeneous antiferromagnetic state of Bif-b&s the
0 100 200 300 oo 9 L3
H ab » kOe
FIG. 1. Experimental curves of the components of the electric polarization )‘1Ly ML=l — 7\4Ly
of BiFeO; along thea andb axis (P, andPy) at a temperature of 29 K as a=| MLy Aol —\ilLy Naly |. 2
functions of the magnetic field applied in the basal plane at a 45° angle to
the a axis. The dashed lines show the straight line and parabola which AsLy — N3l 0
approximate the experimental curves in the redion250 kOe according to ) ) o
formulas(5). For the field orientation indicated above, tde>H,, one has

1063-777X/2001/27(6)/2/$20.00 478 © 2001 American Institute of Physics
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Lllc (Ly=L,=0), and the crystal belongs to the magnetic 9
class 3n, so that the only nonzero components atg and
aoq (Ref 10, with
d12= — a3. 3 6
The matrixg;;, of the quadratic ME effect, according to Ref. NE
10, has a more awkward form; among the matrix elements o
which are important for our case, the nonzero ones are: © 3
o
B111= v1,  B122= B212= P221= ~ ¥1- (4) -
o
Thus, sinceH,=H,=H/v2, we obtain 0
tw
A12 21 2
Pa=—H, Ppy=—H-yH" 5
a V3 b 3 Y1 )
. T . -3 4 . .
From a processing of the “tails” of the experimental 0 100 200 300

curves(Fig. 1) in the linear(for P,(H)) and quadraticfor
P,(H)) approximationgthe approximating straight line and
parabola are shown by the dotted lipege find

Hc, kOe

FIG. 2. Experimental curves of the electric polarization alongarendb

——(0. ) %106 2 axis of the crystalP, andP,) as functions of the magnetic field||c at a
@12 (0.029+0.003 X 10"" CA(m°kOe), temperature of 18 K. The dashed lines show the slopes of the linear parts in
a1= +(0.032£0.003 X 106 C/(msze), (6) the region H>250kOe, which were used to calculate the derivatives

dP,/dH anddP,/dH in formula (7).
y1=5x10" 1 CI(m*kO€).

Thus, in complete agreement with relati¢), the values Which corresponds to an angje= —61°. The agreement of
obtained for the components;, and a,; have different our results with the neutron diffraction data attests to the

signs. The asymmetry of the off-diagonal components of thédequacy of our adopted model.

linear ME effect tensor attests to the onset of a toroidal mo- ~ This study was done with the financial support of the
mentT,~ as— @ when the Cyc]oid is destroyed. We note Russian Foundation for Basic Reseaffi-15-96-695 and

that a toroidal moment induced by the magnetic field wad)1-02-16468 and the Ministry of Educatio97-0-7.3-157.
first observel! in the magnetoelectric @5, in which, un- .
like the case of BiFe@ the toroidal moment is not parallel ~E-mail: popov@plms.phys.msu.su
but perpendicular to the antiferromagnetic vector.
In this study we have also measured the dependence of

; P 1G. A. Smolenski, V. M. Yudin, E. S. Sher, and Yu. E. Stolypin, Zﬁkﬁ).
the electric polarization along treeandb axes of the crystal Teor. Fiz.43, 877(1962 [sicl.

on the Valu_e Of the magnetic field applied _along thexis. 2C. Tabares-Munoz, J. P. Rivera, and H. Schmid, Ferroelechic235
As we see in Fig. 2, which shows the experimental curves of (1984.

Pa(Hc) and Pb(Hc)a after destruction of the cycIoidaI struc- 3P. Fischer, M. Polomska, I. Sosnowska, and M. Szimansky, J. Phi3, C

. . g . g 1931(1980.
ture in a field H,~200kOe the electric polarization in 43, M. Moreau, C. Mickel, R. Gerson, and W. J. James, J. Phys. Chem.

creases with a jump, and fét>250kOe it varies in a prac-  solids32, 1315(1972.
tically linear manner with the field. It is natural to suppose °C. Tabares-Mtoz, J. P. Rivera, A. Bezinges, A. Monnier, and H. Schmid,
that here the spins of the Feions, without leaving the plane  JPn. J. Appl. Phys24, 1051(1984.

f th loid. lie in the b | plane in h a wav that 6V. A. Murashov, D. N. Rakov, I. S. Dubenko, A. K. Zvezdin, and V. M.
0 e cyclod, lie ¢ basal plane such a way (ha lonov, Kristallografiya35s, 912(1996.

=0 andLy/Lx:tamP, whereg=—60° is the angle that the 7| sosnowska, T. Peterlin-Neumaier, and E. Steichele, J. Phys5@835
plane of the cycloid makes with the axis of the crystal, (1982.

. . . . 8 f ,
according to the neutron diffraction measurements. Then in YU- F- Popov, A. K. Zvezdin, G. P. Vorob'ev, A. M. Kadomtseva, V. A.
. . . . . . . Murashov, and D. N. Rakov, JETP Le&7, 69 (1993.
an approximation linear in the field, in accordance with EQ. o5 5 krotov and V. V. Tugushev, Zh kBp. Teor. Fiz91, 1708 (1986

(2), we obtain for the slope of the linear parts of the experi- [Sov. Phys. JETB4, 1010(1986)].
mental Curvegshown by the dotted lines in Fig) 2 0R. R. Birss,Symmetry and MagnetistNorth-Holland, Amsterdar1964).
1Yu. F. Popov, A. M. Kadomtseva, D. V. Belov, G. P. Vorob’ev, and A. K.
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dP,/dH  ay

—=-138, (7)
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Magnetoelectric resonance of phonon and magnon polaritons in a ferrimagnet
I. E. Chupis* and A. A. Mishchenko

B. Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences
of Ukraine, pr. Lenina 47, 61103 Kharkov, Ukraine
(Submitted December 11, 2000

Fiz. Nizk. Temp.27, 652—656(June 2001

The influence of the dynamic magnetoelectric interaction on the magrnand phonorTM)
polaritons in a ferrimagnet is studied in the IR region of the spectrum. The frequency
dispersion of the dielectric permittivity and magnetic permeability is taken into account. It is
shown that the spontaneous magnetic moment induces an additional radiative mode in

the spectrum of TM polaritons. It is predicted that a resonant interaction and interconversion of
the TM and TE polaritons can occur in a static electric field. 2@01 American Institute

of Physics. [DOI: 10.1063/1.1382991

INTRODUCTION their resonance or antiresonance frequencies coincide, and it

was shown that one of the branches of the polariton spectrum
An electromagnetic wave propagating in a medium in-can exhibit anomalous dispersion.

teracts with the elementary excitations of the medium, and In this paper we consider magndifE) and phonon

this affects the properties of the wave. The result is the for{TM) polaritons in the IR region of the spectrum for different

mation of a polariton— an electromagnetic wave coupledelations between the resonance and antiresonance frequen-

with a given elementary excitation. Coupled waves of thecies of the DP and MP for the particular case of a ferrimag-

electromagnetic field and the electric polarization are calledi®t- We show that the dynamic magnetoelectric interattion

phonon polaritons, and coupled photon—spin excitations ardduces gyrotropy of the DP and an additional radiative

called magnon polaritons. The interaction of the electromag™°de in the spectrum of phonon polaritons. It is predicted

netic wave with elementary excitations of a crystal is stron-that a resonance i_nteraction and i_ntercon\_/ersion _Of phonon
nd magnon polaritons can occur in a static electric field.

ger near the eigenfrequencies of these excitations. Therefor®
phonon polaritons are important in the IR and optical regions
of the spectrum, and magnon polaritons are important in the \ercy AND SUSCEPTIBILITY

microwave range. There is a vast literature on bulk and sur-

face magnon polaritonsee, e.g., Refs. 1 and and on the As an example, let us consider a uniaxial ferrimagnet
properties and methods of study of surface phonorfvhose equilibrium moment#l;, and M, are antiparallel
polaritons® In view of the considerable difference between@nd in the absence of magnetic field are directed along the
the spin and optical-phonon frequencies, in the treatment dfasy axi, with M10>M20' The energy O,f the system con-
magnon polaritons one usually neglects the frequency dispe?—IStS ofa m_agnetlc. energy, an electr|cjd|pole energy, and an
sion of the dielectric permittivitf DP), and when studying energy Fﬁ interaction of the magnetic and phonon  sub-
phonon polaritons—that of the magnetic permeabilldP). systems:

Meanwhile, it is known that in many-sublattice magnets, in Ci

addition to the low-frequency spin branch, there exist high-W:J [A(Ml' M2)=h-(My+Mg)+ 7p§

frequency exchange excitations whose frequencies are close c 2 p

to the electric-dipole absorption bands of the phonons. For _2(p>2(_|_ P2)—P-(Eg+€)+ =— + — [[IxB]dV.
example, the frequencies of the exchange modes of hematite 2 Y 2p cp

lie in the IR region of the spectrufhand that is not an (1)

exceptional case. An increase in the magnetic resonance frﬁereM and I are the magnetic-moment and momentum
1,2 -

quency is also promoted by a high magnetic field. For X Yensities, andP is the electric polarization vector. The first

ample, at the experimentally achievable magnetic fields of tarms in(1) are the magnetic energy in an alternating
10 T the spin frequency is of the order of'#6 L. Further-

) ) ] field h in the exchange approximatioA> 0 is the exchange
more, as was shown in Ref. 5, in magnetic compounds corggnsiant, The electric-dipole energy includes the potential
tainingd ions the excitations of the orbital magnetic momentenergy in the stati€, and alternating electric fields and the
have energieS of the order of the Spin—OI’bit energy, i.e., frekinetic enerngzlzp, Wherep is the density_ In the IR re-
quencies of the order of 1¥™. The interaction of the ex- gion of the spectrum the main contribution to the polariza-
change spin modes with the electromagnetic waves has be&an comes from the ions. The last term in the eneftjyis
investigated in a number of studiésee, e.g., Refs. 6 and.7  the dynamic magnetoelectri®¢/E) interaction® i.e., the in-

In Ref. 8 the frequency dispersion of the MP and DP ofteraction of the electric polarization with the effective elec-
magnon polaritons was taken into account in the case wheinic field E.4 produced by the motion of an ion with charge

1063-777X/2001/27(6)/4/$20.00 480 © 2001 American Institute of Physics
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at a velocityv in a medium with magnetic inductioB, i.e.,  then have the character of left and right circular precessions
Eer=—(1/c)[vXB], whereB=h+47(M;+M,) andc is  aboutmg with frequencies»; andw,. We see from3) that
the speed of light. The energy expressidn does not in- the spontaneous magnetization induces an electric gyrotropy
clude the inhomogeneous terms, i.e., the spatial dispersias’ #0 which, however, is very smalk'/e1~47w,/w;.
(we are assuming thatk<<1, wherea is the lattice param- The expressions for the nonzero components of the magnetic
eter andk is the wave vectgr nor the damping. The static permeability tensor in the IR region of the spectrum have the
electric field is directed along the easy axs From the form
minimum of the energyl) it follows that the electric polar-
ization Py=E,C; *.

Using the Lagrangian formalism, in the approximation
linear in the small deviations of the moments from their

02— w?
Moxx= Myy= L= Ha

H 2_ 2
equilibrium values, we easily obtain frof) the following iu = :""f(Q ) -1
. . L M= My 2 o Mz 4
equations for the circular projections of the momeats o(wy— w)
=a,tiay: - 1 5
O =4m7Ag19w00; (M= My)*; (4)
.4_*© + + ; +
T :V—O[—Czp +e]+igmem™; w;=4m(g1M 10— g2M2g);

. , , Q5= wi+4mA (g1~ 92)*M ;oM 0;
My =—ig1AMygm; —ig 1AM oMy o0 (81792)"MaoMzo

i - wo=A(goM 10— 91Myp).
+igiMht +9:(pc) M Pom™; 2) 0 (.92 10— 91 M)
Nt =i +o + In expressiong4) we assume thad>1, g,M >0 My,
m, =ig,AMgmy +ig,AM (gm, 1M 10> 0oM 0.

In the case we are considering here, in which there is no

—igoMyh™ — c) M,Pom™; . o o o
92Madh” —0a(pC) 2070 static magnetic field and the magnetic anisotropy is ignored,

. e N . the activational part of the lower branch of the magnon spec-
pr=rym Higl—4mPo(my +my) trum is equal to zero. The pole of the MP corresponds to the
frequencywg of exchange excitations, which lies in the in-
+4mmep* —Poh™]. frared, whereu differs little from 1 and the magnetic gyrot-

ropy is small. In fact, it follows fron{4) that|u'/ | is of the
order ofws/wg, i.€., is of the order of 4/A. The gyromag-
netic ratio for an ion is significantly smaller than that for an
electron g<g; ), and thereforav < w;<wy. The values
of the frequencies , of the electric polarization differ little
from w;~ wg.
A static electric fieldg, couples the excitation of electric

polarization and magnetic momeritgee Eq.(2)). It induces

nzero components of the magnetoelectric susceptibility

o =Xyy X5y, the expressions for which, if one neglects
the small corrections of ordergEy/wg)? and (wg,/we)?,
have the form

IPy  gPowi(QP—w?)
ohy (02— 02)(0?—w?)’

HereV, is the volume of the unit celln=pV,; g=e/mcis
the gyromagnetic ratio for the iog, , are the gyromagnetic
ratios for the magnetic sublattices, amg= M 1,— Mg is the
spontaneous magnetization. The equationsafor-a,—ia,
are obtained from(2) by complex conjugation and the re-
placement ofw by (— ).

We see from Eq(2) that in the absence of the static
magnetic field Po=0) the equations for the magnetic and
electric subsystems are not coupled. In that case, assumi
thata* is proportional to expfiwt), we obtain from(2) the
following expressions for the nonzero components of the di
electric permittivitye:

(0?0 (0®-0)) Xgr=

(02 0) (0 wd)

®

Exx= Eyy= €1

Py igPow 1_47TAM10M20(91_92)2

01= O F O, Op=4TGMY; XEm="~
* dhy wtz—wz w%—wz
L, o, € .
w?=C,w3, wS:W' (3)  For frequencies not very close 9,, one has|Xg/ X3
0 ~(wilwg)<<1.
-, iI8TwwLwS
ey =i =— :
xy (02— 0?)(w?— wd) MAGNON (TE) AND PHONON (TM) POLARITONS
02— o2 We obtain the polariton excitations in a ferrimagnet by
e, E=—9—, (Q2=0’+47ws, wi=Ciws solving Maxwell’s equations for waves propagating along
W.— W

the x axis, using expressior(8) and(4) for the DP and MP.
In the absence of a static electric field{™ 0) the TE and
TM polaritons are independent.

The frequency of the excitations &f, is w., and the The electric field of magnon polaritons propagating
frequency of the excitations d?, and P, is w;. The pres- along thex axis is transversely directdd@E wave, and the
ence of spontaneous magnetization lifts the degeneracy inonzero field components agg, h,, andh, . The dispersion
the spectrum of excitations &, andP, . These excitations relation is

Qi2= 0t 2mos+ 03 F 2\ TP oyt wi(wP+ 2Tw)).
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FIG. 2. Resonant interaction of TE and TM polaritons in an electric field.

lous dispersion in the spectrum of TE polaritons when the
resonancéantiresonangefrequencies of the DP and MP co-
incide is predicted in Ref. 8.

We note that the middle branch of the TE polariton spec-
trum is radiative, since it crosses the light liee=ck, i.e., it
can interact resonantly with an electromagnetic wave.

In a phonon polariton wavelr'M wave) the nonzero field
components are,, e,, andh,, and the spectral equation for
it is

0}’ —})(0’ =)
(02— Q) (0?03’

2

FIG. 1. Dispersion branches of TE polaritons in the IR region of the spec- w1 0= QtI Om; Qt2= wt2+4775§. (7

trum. For TM polaritons the lower branch starts from the vale O at
k=0.

(Q2— 0?)(0?—0))(w?—w3)

(wi— 0?)(0?—Qf

2

(6)

where

. =1[\/(w —w¢)?+167g;9,A(M;—M,)?
1275 0 Wf 9192 1 2

+(wo—wy)].

A wave vector of zero corresponds to the frequenflgsand
w,>0g, wherew,—Qy~ w;. Near the frequencieQ, and
we the wave vector tends to infinity.

The spectrum of TM polaritons is similar to the TE polariton
spectrum presented in Fig. 1a, but with the following rela-
beling of the frequenciesQy—Q1, wr,—®q, we—0y,
Q.—®,. The frequencie®, w,, and(}, are close to one
another, since @,—Q5)~(Qy,— 1)~ wy,. In the absence

of magnetization one ha&,=%,;=,, and the spectrum
contains only two modes. Thus the ME interaction adds a
new mode. This mode has weak dispersion, lies near the
bottom of the upper band, and is radiative, since it crosses
the light line w=ck.

RESONANT INTERACTION OF TE AND TM POLARITONS IN
AN ELECTRIC FIELD

The appearance of a ne(middle) radiative branch in

The spectrum of TE polaritons consists of three modesthe polariton spectrum raises the possibility of a crossing of
Figure la shows the spectrum of TE polaritons for the cas@E and TM modes, i.e., the probability of a ME resonance.
when w,< w, or when the phonon antiresonance frequencyMost often the exchange magnon frequency is lower than the

Q. is greater than the magnon antiresonance frequéngy

optical phonon frequencw,, which, in turn, in a uniaxial

For Q.<(, the following substitutions should be made in crystal is lower than the excitation frequeney of the trans-

Fig. 1a:Qg— we, wy—Q¢, we—Qg, Qe— w,. If the fre-

verse components of the electric polarization, i€@e< w,

quencies(); and w, are close to the phonon antiresonance<w-. In this situation it is possible to have a crossover of
frequencyQ, (we<Qy<OQ<w,) or to the phonon reso- the lower (w<<();) TM mode with the middle TE modésee

nance frequencw, (Qo<w.<w,<(,), or if they lie be-
tween the phonon resonaneg and antiresonanc€. fre-

Fig. 18. In the absence of a static electric field the TE and
TM modes do not interadithe dotted lines in Fig. )2 In a

guencies, then the middle branch will have anomaloustatic electric field a magnetoelectric interaction, described
dispersion(Fig. 1b. However, this dispersion is very weak, by the ME susceptibilit¥5), arises between the magnon and
since the frequency interval in which the middle branch exphonon polaritons. The electric displacement and magnetic
ists is very small, ¢,— Q) ~ w;. The existence of anoma- induction are given by the following expressions:
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di=siket 4mXihy; hoeo i u'ex(e1—v?)+e (epu—1%)]
=

Selepi-p -

The admixtures to the fields arise as the crossover point
where X"=dP;/dh,; X{y®=am;/de., and in the absence (k,,w,) of the noninteracting branches is approached; there
of damping %"= (Xy9* . For frequencies that are not close
to wy we need consider only the off-diagonal components of
the ME susceptibility, assuming that

b= wich+4mXi, ey,

2
erep(uP—p'?)=u(ei—e'?),

3 wi(e2—¢'?)

kKe=————. (12
47gPyw Ceq
y=—4miX{=—5—%. (8) ; :
xy wz_th Near the point of the ME resonanck, (w,) all of the field

components are of the same order, and a resonant intercon-
Maxwell’s equations relate all of the electric and mag-version of TE and TM waves occu(Big. 2).

netic field components in the ferrimagnet: Thus in a ferrimagnetic crystal in a static electric field a
magnetoelectric resonance can arise in the IR region of the
phy+iu'hy+iye,=0; spectrum, accompanied by the interconversion of magnon
and phonon polaritons. An analogous ME resonance in a

—ip'hy+uhy—iye+ve,=0; static electric field in the IR region of the spectrum may also

occur in other many-sublattice magnets.
iyhy+e.e+ie’e,=0; (9

*E-mail: chupis@ilt.kharkov.ua
iyhy+vh,+ie'e,—e,6,=0;
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The temperature dependence of the electrical resistivity pure polycrystalline aluminum and
copper after plastic deformation is investigated in the temperature interval 4.2—300 K.
Using heat treatment as a tool for changing the crystallite giaed structural perfection of the
sample, it is determined how depends on the ratio af to the electron mean free palth

and on the degree of deformation of the Cu and Al. At temperatures below 10 §{Thecurves
of the deformed samples of polycrystalline copper and aluminum exhibit minima and
maxima. At higher temperatures a more complicated dependene@ft) is observed. It is
found that in the region of the anomalous skin effect the experimentally determined and
theoretically calculated values of the surface resistécagree only in the case when the electron
mean free path is smaller than the size of the crystallites.2001 American Institute of
Physics. [DOI: 10.1063/1.1382992

INTRODUCTION cores and their surroundings, vibrations of dislocatitfné!
the trapping of impurities by dislocatioR$gtc. It is also of

Interest in the study of processes of charge carrier scainterest to study the resistivigy(T) and the active part of the
tering in pure metals and in samples after deformation anémpedanceR¢(T), of a deformed metal in the temperature
with impurities introduced has not waned over the decadesegion of both the classical and anomalous skin effects.
The temperature dependence of the resistipityf different There are various ways of introducing dislocations into a
metals at helium temperatures has been fothtb have crystal. In Refs. 23 and 24 it was noted that dislocations
unusual minima, which are, as a rule, due to the Kondantroduced by bending have a larger scattering cross section
effect®%%.e., to the scattering of conduction electrons onthan those obtained by other ways of deforming a metal,
magnetic impurities in a spin-flip process. In a comparativelyalthough this effect has not yet been conclusively explained.
narrow temperature interval 20—50 K one observes an addi- It is knowrf® that upon the recrystallization of a de-
tional resistivity which increases sharply with increasingformed metal the number, size, and shape of the crystallites
temperature and is due to the dislocation contributfo®®  change, as do the dislocation density, internal stresses, and
The dislocation contribution to the temperature dependencether characteristics that affect the value of the resistivity.
p(T) has still not found an unambiguous explanation. NorTherefore, if one uses recrystallization annealing as a method
has the minimum omp(T) been conclusively explained. For of altering the structural state of a sample, then by repeatedly
example, why do diamagnetic impuritiéggermanium, lead, annealing a sample at increasingly higher temperatiifes
gold, bismuth, zingin copper also cause a minimum of the and measuring(T) and the surface resistanég(T) and
resistivity, or why do impurities of copper and silver producealso the parameters of the crystallites after each heating—
the same effect in gold® The influence of plastic deforma- cooling cycle, one can obtain information about the tempera-
tion on p(T) at low temperatures has not been adequatelyure dependence of the resistivity of the metal for various
studied. After a significant plastic deformation, variousdegrees of structural perfectiottiere and belowr,, is the
anomalies can arise in connection with, for example, theatio of the annealing temperature to the melting temperature
crystallite sized in polycrystalline samples and the value of of the metal.
d relative to the electron mean free pdth grain bound- In this paper we present the results of a comprehensive
aries, the complicated electronic structure of the dislocatiorexperimental study of the influence of the crystallite size and

1063-777X/2001/27(6)/9/$20.00 484 © 2001 American Institute of Physics
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the structural state of pure polycrystalline copper and alumi-

num on the temperature dependence of the resistivaynd

the surface resistané®, in the temperature interval 4.2—300

K. The deformation was done by bending at room tempera-
ture, and the structural state was changed by annealing. A
total of 60 copper and 20 aluminum samples were studied.

50+ —

%

SAMPLES AND MEASUREMENT PROCEDURE d,um

Samples of MO0 and MOl¢electrotechnical grades of
copper and A999 and A996 aluminum were studied. The 40 2um 1.25 um
surface resistance was measured by a resonator method. For

this the materials to be studied were made into helical reso- ° 20
nators with the ends of the helices unclosed. The envelope of ’_H—l_m__r
the resonators was mechanically finished. The internal con- 0 _l—l—|

ductors were obtained in the following way. From the initial 8 2025 11.25
blanks 70 mm in diameter we cut out blanks with a trans- d,um dy, um

verse cross section of X010 mm and length 12 mm, which
were then drawn at 300 K through a system of dies until rods 60k _ c 2.5 um e
2 mm in diameter and 400 mm long were obtairieslative
elongations=32). Several of the aluminum samples were 40k 2.5um
drawn to5=40. These rods were twisted into helices 15 mm
in diameter. Then the envelope of the resonators and the o0k
helices were repeatedly annealed in a vacuum b0 ° torr, —‘

with Ty, increased in each cycle. To reduce the scatter of the 0 |_ []
experimental data on the(T) andR¢(T) curves, all of the 0 125 5§ 20
samples were annealed for four hours. After each annealing d,um dy,um
cycle the resistivityp(T) of the copper and aluminum heli- 40
ces was measured by the four-contact method, and a metal- 2;ﬂitm f
lographic analysis of the samples was carried out. After each - 20l
anneal a sample 2—3 mm long for metallographic analysis 2
was cut from the helical conductor and then polished and 0
etched by the standard methtfdThe helical resonator was 5 17.5
then assembled and its Q-fact@(T) was measured at a d¢, um
frequency of 400 MHz in the temperature interval 4.2—300
K. The value ofR¢(T) for the metals studied was obtained 4 twinsd, (d—f) in an MOO copper sample after annealing at diffefBnt

from the geometric factor. The temperature measurement angb (a), 0.5 (b,d), 0.75(c,8, and 0.95(f).

stabilization system permitted varying the temperature of the

sample in the range 4.2—300 K with the aid of helium vapor

and was capable of stabilizing the temperature to a precisiotwins increases with increasiriy,. New twins are formed

of £0.25K in the temperature interval 30-300 K and closer to the surface of the sample but are not observed in a
+0.1K for T<30K.?" In the measurements of the resistive layer of the order of 20@m from the surface. Figure 1 also
properties the error was 1% throughout the entire temperashows histograms of the transverse dimensidnof the

ture interval. To reduce the measurement error the temperawins in an MO0 copper sample annealed at different tem-
ture dependence of the resistivity was measured severgeraturesT,: 0.5 (d), 0.75(e), and 0.95(f). We note that
times and the values measured at the same temperature weifger annealing af,=0.95 the mean transverse dimension of

%

FIG. 1. Percent distribution of transverse sizes of the crystallitéa—o

averaged. the copper crystallites id~200um (not shown in Fig. 1
At places where large crystallites come together, small crys-
EXPERIMENTAL RESULTS tallites also form, possibly of a twinned orientation. Small

crystallites also appear near the surface of the sample.
Figure 2 shows how the transverse dimensidraf the
The characteristics of the structural state of a sample ofrystallites and the dimensiortg of the twins in an MOO

MOO copper deformed by drawing through dies and then byopper sample depend dp,. Also shown are plots of the

bending into a helix and subsequently annealed at differerglectron mean free pathgs, calculated from the resistivity

temperaturesT,, are presented in Figs. 1 and 2. Figure 1lat temperatures of 30 and 4.2 K, as functionsl pf

shows histograms of the transverse dimens@o$the crys-

tallites in the copper sample for different annealing tempera-

i : : . TEMPERATURE DEPENDENCE OF p AND R, IN THE

turesTy: 0.2 (i.e., without annealing after deformatiofa), INTERVAL 10—300 K

0.5 (b), and 0.75(c). Metallographic studies established that

for an annealing temperatuig,= 0.5, twins appear at the Figure 3 shows the curves p{T) measured in the tem-

center of the samples, and the transverse dimensions of thegerature interval 10—70 K for the MO0 copper sample an-

Characteristics of the structural state of copper
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FIG. 2. Dependence ofy, of the transverse sizé of the crystallites: mean 10 20 .IC.)’OK 50 70

(1), minimum (2), and maximum(3), and of the sizel, of the twins: mini-
mum (4) and mean(5), for an MOO copper sample. The electron mean free

pathl (T,) at temperatures of 30 KB) and 4.2 K(7). FIG. 3. Temperature dependencepdbr an MO0 copper sample annealed at

different T, : 0.2 (1), 0.5 (2), 0.75(3), 0.84 (4), and 0.95(5). The inset
showsp(T) for the MOO copper sample in the temperature interval 70—300
K after annealing af,,=0.2—0.95.
nealed at different temperatur€g: 0.2(1), 0.5(2), 0.75(3),
0.84(4), and 0.955), and the inset shows the same curves in
the temperature interval 70—300 K. curves ofRy(T*)/R¢(300) for the same copper and alumi-
Figure 4 shows the temperature dependencg ofea- num samples af* = 10K (curves4 and>5, respectively, and
sured in the temperature interval 10-70 K for a sample othe ratio of the surface resistanRg(e) obtained experimen-
A999 aluminum deformed af,=0.32 (1) and annealed at tally to the theoreticalRg(t) calculated by the Chambers
T,=0.75(2); the relative elongatiod=40. (Here and below formula?® from the measured values pfas a function ofT},
the values corresponding to the deformation temperaturdpr the samples of coppécurve6) and aluminum(curve?).
i.e., 300 K, arel,=0.2 for copper and’,=0.32 for alumi- We see from Fig. 3 that in the temperature interval 70—
num) 300 K annealing has practically no effect on the valug.of
Figure 5 shows the temperature dependence of the suln the temperature region 12—70 K the resistiyit§ecreases
face resistanceR; relative to R¢(300) for the deformed with increasing T, reaching a minimum value af,
samples of MOO coppefa) and A999 aluminum(b) after  =0.75. The resistivity of the Cu sample subjected to heat
annealing at various temperatur€g: 0.2 (1), 0.3 (2), 0.5 treatment afl,>0.75 is higher than that for the sample an-
(3), 0.65(4), 0.75(5), and 0.95(6) for the coppelFig. 54 nealed atT,=0.75. ForT<12K the lowest value op is
and 0.41(1), 0.75(2), and 0.95(3) for the aluminum[Fig. obtained for samples annealedTgt=0.4—0.5, while the re-
5b]. sistivity of the samples heat treated B{>0.75 increases.
Figure 6 shows the ratip(T*)/p(300) as a function of Thus the resistivity has a minimum valyg,, at a certain
Ty, for samples of MOO copper a* =30K (1) and 10 K(2) annealing temperaturg, .
and A999 aluminum af* =10K (3). Also shown are the These features are not observed on the temperature de-
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FIG. 4. Temperature dependence mffor a sample of A999 aluminum
deformed at room temperatu¢g) and annealed ak,=0.75 (2). L
g -
pendence of the surface resistafiteof copper and alumi- 2]
num. As can be seen in Fig. 5, tfe(T) curves measured c 0.5F
after annealing at different;, do not cross, unlike those of ~
p(T). With increasing Ty, the resistanceR; decreases, o "
reaches a minimum value a4,=0.75, and again increases B 1
for samples annealed &@>0.75.
_0—0‘/ 2
RESISTIVITY OF COPPER AND ALUMINUM AT | A,
TEMPERATURES BELOW 10 K oo, 3 b
; _ 0 Wy ] ] ) L
When the temperature is lowered below 10 K, the tem 4 550 30 50 100 300

perature dependence pf for different samples or for the T K

same samples but differently annealed and deformed exhibit '

features in the form of a minimum, a minimum with a sub- FIG. 5. Temperature dependence of the r&igRy(300) for samples of
sequent maximum, or a plateau. For approximately 80% oWM00 copper(a) and A999 aluminunib) annealed at differenty, : 0.2 (1),
all the samples studied the(T) curves afT<10K have a ?5)3(2)'0'5(3)' 0.65(4), 0.75(5), 0.95(6) (3) and 0.41(1), 0.75(2), 0.95(3)
minimum or a minimum followed by a maximum. The re- =

maining samples, deformed and annealed under the same

conditions, have a plateau.

Figure 7 shows the temperature dependencg fufr a We note that annealing of metal samples has varying
sample of MOO copper measured in the temperature intervadffects on the behavior gi(T). In the majority of copper
4-16 K after annealing at the following temperatuiigs and aluminum samples the ratig,,/pmin decreases mono-
0.2 (unannealed samplé€l), 0.75(2), 0.84(3), and 0.95(4). tonically with increasing annealing temperature up TtQ
These curves were obtained on the same copper sample fer0.75. Figure 7 showg(T) for such a copper sample. For
which the p(T) curves atT>10K are shown in Fig. 3. It the more strongly deformed samples, however, the ratio
follows from the Fig. 7 that for this copper sample the tem-pa./pmin iINCreases with increasing, and then, after pass-
perature dependence pfhas a minimump,,, at T=9.5K  ing through a maximum ak;,=0.4—-0.6, decreases. This sort
and a maximunp . at T=6.5 K. For aluminum the curves of dependence is seen in Fig. 8 for an Al sample deformed by
of the temperature dependencepaft T<10 K are analogous drawing to a relative elongation of 40.
to those of copper. Figure 8 shows§T) for the same grade- One should note the group of deformed samples for
A999 aluminum sample as in Fig. A 10K) after it was  which p(T) at T<10K has a plateau rather than a minimum
annealed at different temperaturég: 0.32 (1), 0.37 (2), and maximum, i.e., for which in a certain temperature inter-
0.75(3), 0.84(4), and 0.955). We see that for the deformed val the resistivity is practically independent of temperature.
Al sample the minimum on the(T) curve is observed at These samples were prepared and annealed under the same
T~6.7K and the maximum af~5.9K. conditions as those for which thg€T) curve has a minimum
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FIG. 6. The ratiop(T*)/p(300) versusT,, for an MOO Cu sample &*  perature T,,=0.7—0.75) and then again deformed by bend-
=30K (1) andT* =10K (2) and an A999 Al sample aT*=10K (3);  jng the anomalies op(T) are restored. Figure 10 shows the
R4(10)/Ry(300) versusT}, for Cu (4) and Al (5); Rs(e)/Rs(t) versusT}, for
Cu(6) and Al (7) at T=4.2 K. p(T) curve for an MOO copper sample annealed Tat
=0.75 (curve 1) and twice straightened out from the helix
and again twisted into a helix at room temperat{marve 2).
and maximum. Figure 9 shows the temperature dependendée repeat deformation of the copper sample by bending
of p for a sample of MOb copper, measured after annealing atfter it was annealed dt,=0.75 leads to the appearance of
the following temperature$,: 0.2 (1), 0.5(2), 0.75(3), and a minimum onp(T) independently of the type of anomaly
0.84(4). It is seen that the width of the plateau increases withprior to annealing. Figure 11 shows the temperature depen-
increasingT},, and forT,,=0.75 thep(T) curve has a mono- dence ofp for a grade-MOb copper sample. It is seen that the
tonic character. Thus for the same sample at different degregg T) curves for the deformed and unannealed sample and
of its structural perfection, the(T) curve can have a plateau the sample annealed &= 0.5 does not exhibit an anomaly
or a minimum. in the form of a plateaycurves1 and 2). For the sample
It follows from Figs. 7—9 that a general property of all annealed afr,,=0.75 (curve 3) the curve has a monotonic
the samples of the metals studied is that after annealing ®&haracter. A repeat deformation of the sample by bending
T,=0.7-0.75 theip(T) curves do not exhibit any anoma- after it was annealed dt,=0.75 leads to the appearance of
lies and acquire a monotonic character. After heat treatmerst minimum on thep(T) curve(4).
of the samples aff,>0.75-0.85 the anomalies reappear
(curve3in Fig. 7, curved in Fig. 8, and curvet in Fig. 9),
and for these same samples annealet,at0.85 they again
vanish(curve4 in Fig. 7 and curves in Fig. 8). From Figs. 1-5 one can see how the temperature depen-
If the deformed sample is annealed at the optimum temeence of the resistivity and surface resistanég, of copper

DISCUSSION OF THE RESULTS
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FIG. 8. Temperature dependence mffor a sample of A999 aluminum
deformed beforehand &t=300 K and then annealed at different tempera-
turesTy: 0.32(1), 0.37(2), 0.75(3), 0.84(4), and 0.9505).

and aluminum samples with different annealing temperatures
T, change upon changes in the size of the crystaltitesd
the electron mean free patp.

It is seen in Fig. 2 that at temperatures above 30 K the
mean free path, (curve 6) is much smaller than the mini-
mum transverse size of a crystalliurve2) at all annealing
temperatured,. This means that each crystallite is in es-
sence a bulk conductor and, hence, its resistivity is mainly
determined by the electron—phonon interaction. Therefore at
temperatureg/® >0.5 one observes a linear trend @fT)

(O is the Debye temperatur®,c,= 343K, O 5, =420K). At
T/®=0.5 the resistivity has a temperature dependence
p(T)cT", where 7=<5.2° Since the size of the crystallites
increases and the structural perfection of the metal improves
with increasingT},, in the samples studied the exponent
increases from 2.4 af,=0.5 to 3.5 atT,,=0.75, in good
agreement with the results of Refs. 29-31.
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FIG. 9. Temperature dependencepofor an MOb copper sample after an-
nealing at differenfl,: 0.2 (1), 0.5(2), 0.75(3), and 0.84(4).

thermore, upon annealing the interstitial atoms and vacancies
of deformational origin are “lost,” as are some of the dislo-
cations influencing the value of Therefore, in this tempera-
ture regionp is governed by factors that are either indepen-
dent of temperature or which depend weakly on temperature.
The resistivity is influenced mainly by the number of impu-
rities in the metal and its structural perfection.

Calculations show that at both room temperature and
nitrogen temperatures the skin depth at 400 MHz is less than
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At _helium tempera’Fures_ the reSiStiVitEfph (?aused BY  FIG. 10. Temperature dependence mfor an MOO copper sample after
scattering on thermal vibrations of the lattice is small. Fur-annealing aff,,=0.75(1) and a subsequent deformation by bendi2y
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a high-frequency current flows through the sample only
within a skin layer(i.e., the most deformed layer of the
meta), then the variation op over the transverse cross sec-
tion of the sample is a source of error in the valueRaf
calculated from the measuredor a deformed sample. Heat
treatment improves the structural state of the subsurface
layer and thus decreases the error in the calculatioR.of
from p, and annealing the Al and Cu samples at the optimum
temperatureT,, allows one to obtain close values for the
calculatedR4(t) and experimentaRq(e) surface resistance
(curves6 and7 in Fig. 6).

By analyzing thep(T) curves for the coppefcurvesl
and 3 in Fig. 3, curvesl and 2 in Fig. 7) and aluminum
(curvesl and3 in Figs. 4 and 8 samples, we can conclude
that an appreciable deformation contribution to the resistivity
is observed al>10K. This contribution may be caused by
dislocations and interstitial atoms and vacancies arising on

o'E; 4'555 Pz deformation. For example, Fig. 12a and 12b for the copper
a sample and Fig. 12c for the aluminum sample show the ex-
IZO S.5F 1 cess resistivity\p obtained as the difference of the values of
- p for a deformed and unannealed sample and a sample an-
nealed at the optimum temperatufg=0.75. Figure 12a
L shows the temperature dependence@pfthat is widely dis-
3 cussed in the literaturet'~182132|n the papers cited this
dependence is explained by the dislocation contribution,
5.0 since the contribution due to interstitial atoms and vacancies
= = vanishes at low annealing temperatures, while the contribu-

tion due to dislocations persists up to the optimum annealing
temperature. Figure 12b and 12c shaw(T) curves which
101 reveal a large dislocation contribution (T) at T>10K

= and also reflect the features on i) curves in the form a
minimum and maximum at<10K.

L 4 These features dt>10K are less sensitive to the degree
B of deformation of the sample and are observed in some form
\\. or other for all of the samples subjected to plastic deforma-
9r ~» i
FEDR TS WS SIS NS T WO S N R tion.
4 8 12 16 The causes of the features in the form of minima,

T K maxima, and a plateau on th¢T) curve atT<10K are not
' so obvious, although a number of mechanisms to explain
FIG. 11. Temperature dependence ofor a copper sample annealed at them have been proposed in the literature. For example, it
different T, : 0.2(1), 0.5(2), and 0.75(3) and also deformed by bending \yas predicted in Ref. 33 that, depending on the ratio of the
2??;5:?1?;'hg a,=0.75 (4). The dashed curve shows the function 1. nqyerse dimensiatof the sample to the electron—phonon
mean free path of the electron, a minimum or a plateau can
appear on the(T) curve.
the size of the crystallites of the samples annealed at We note that the minimum op(T) due to the size
<0.95. Since this is the region of the classical skin effecteffec® should be observed only for bulk samples. For thin
here the surface resistan&(T)xp(T)%° and is indepen- samples the temperature dependence sifiould have a pla-
dent of the dimensions of the sample. At temperatures belowgau. However, we have observed a minimum on g(i€)
130 K the anomalous skin effect begins to play a role; it iscurve only for those Al and Cu samples which contained
knowrf® that in this effectR, consists of two components, small crystallites. As a result of a high-temperature annealing
one of which is independent @f while the other goes gs the size of the crystallites increased, and the minimum on
(I varies from 0.82 for specular reflection to 1.1 for diffuse p(T) gradually vanished. Therefore the features that we have
reflection. observed on the(T) curve cannot be explained by the size
It is knowrf® that in the plastic deformation of a metal effect®
the subsurface layer is the most defornfdee Beilby layey. The temperature dependence of the resistivity of metals
In reality this means that the dc current density is nonuniand alloys found in an amorphous state also has a
form over the transverse cross section of the sample and inimum34-37
minimum in the subsurface layer. Therefore, the measured, We believe that the anomalies we observed onpi{ie)
integral value of the resistivity of a metallic sample differs curve cannot be explained by an amorphous state of the Al
from its value near the surface. If it is taken into account thaind Cu samples, for at least two reasons. First, d(iE)
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It can be supposed that the observed features are a mani-
festation of the Kondo effect'® Moreover, with decreasing
temperature after the minimum the resistivity increases by a
logarithmic law p<In(1/T) (curvel in Fig. 7 and curve4
(dotted in Fig. 11). However, our results contradict those of
Ref. 6, in which it was shown that the minimum @fT) due
to scattering on magnetic impurities in gold appeared pre-
cisely as a result of careful annealing, which lowered the
residual resistivity. Upon plastic deformation of the samples
the minimum on thep(T) curve was not observed. In our
experiments it is precisely for the deformed samples that the
minimum is observed op(T) (see Figs. 7 and 11This is
particularly well demonstrated in Fig. 11, where it is seen
that the minimum on the(T) curve (4) appears as a result
of deformation by bending of the sample annealed at the
optimum temperaturécurve 3).

It is known that deformation alters the properties of cop-
per, and at a certain degree of plastic deformation a transition
occurs from the diamagnetic to a paramagnetic State.
subsequent annealing of the deformed copper sample re-
stores it to the diamagnetic state. It is also known that some
diamagnets can acquire paramagnetic properties when the
crystallites are made very smaflln Ref. 40 it is noted that
upon the transition to the paramagnetic state during plastic
deformation the @ shell of copper goes from being com-
pletely filled in the diamagnetic stafeo partially filled, and
so copper behaves as a transition m&alhus the necessary
conditions for the onset of the Kondo effect can be created in
the deformed copper sample. This may be the reason why
impurity copper in gold, for example, leads to the appearance
of a minimum on thep(T) curve® We note, however, that
attempts to detect the dislocation magnetism of copper have
so far been unsuccessful! Since the behavioral features of
p(T) are observed for aluminum as well as copper, they
cannot be explained by dislocation magnetism.

CONCLUSION

Let us summarize the main results. Plastic-deformation-
induced anomalies are observed on the temperature depen-
dence of the resistivity in pure samples of copper and alu-

FIG. 12. Temperature dependence of the deformation contribution to th&NiNUM. In addition to the increase in resistivity observed
resistivity of samples of coppéa,b) and aluminum(c).

previously by many authors, which is due to a dislocation
contribution atT>10K, anomalies are also observed on
p(T) as the temperature is lowered: these are in the form a

curve of amorphous materials exhibit only a minimum, al-minimum, a plateau, or a minimum with a subsequent maxi-

though, as in the Kondo effech(T) increases logarithmi-
cally with decreasing temperature after the mininitin.

mum. The features on th&T) curve forT<10K are more
sensitive to the deformational state of the metals than is the

Second, we were studying polycrystalline samples of coppeincrease inp due to the dislocation contribution at
and aluminum. In the undeformed samples and in the>10K. None of the existing theoretical models that we

samples annealed @, =0.75 a minimum on the(T) curve

know of predicts the anomalies @{T) due to plastic defor-

was not observed. This agrees with the data of Ref. 29mation atT<10K.
where it was stated that for a pure single-crystal sample of We have established that at low temperatures the resis-

aluminum there is no minimum op(T). According to Ref.

tivity p of highly deformed samples of copper and aluminum

26, deformed metal samples have a fine-grained structureave a complicated dependence on the crystallitecsiZehe
with crystallite dimensions down to submicron sizes. And, incharacter op(d) is different in the temperature region where
spite of the fact that numerous defects arise uporthe resistivity is governed by the electron—phonon interac-
deformatior?® the metal retains its former crystalline struc- tion and in the region of residual resistivity.

ture. We did not observe any signs of amorphization of the

We have shown experimentally that the value of the sur-

Al and Cu samples as a result of their deformation or annealface resistanc® calculated from the measured valuespof

ing.

and the value measured experimentally in the region of the
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anomalous skin effect agree only in the case when the me&#s. I. Mukhin, Zh. Esp. Teor. Fiz91, 140(1986 [Sov. Phys. JETB4, 81
free path of the electrons is smaller than the crystallite size, (1986].
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The antiferromagnetiCAFM) state is investigated in the three heavy-fermion compounds

URWSi,, UPdAI;, and UNAI; by measuringdV/dI(V) curves of point contacts at different
temperatures 1.5—-20 K and magnetic fields 0—28 T. The zero-bias maximadi dih(V)

for URu,Si, points to a partially gapped Fermi surface related to the itinerant nature of the AFM
state, contrary to the case of UfAdl;, where analogous features have not been found. The

AFM state in UNpAI5; has more similarities with URSi,. For URYSI,, the same critical field of

about 40 T along the easy axids found for all features idV/dI(V), corresponding to the

Neel temperature, the gap in the electronic density of states, and presumably the ordered moments.
© 2001 American Institute of Physic§DOI: 10.1063/1.1382993

The U-based heavy-fermiofiHF) systems URSi,, density wave(SDW) state has been consideredijth a par-
UPdAI and UNpAI; exhibiting antiferromagneti¢éAFM)  tial opening of a gap of about 10 mV at the Fermi surfack.
order followed by a superconducting transition at lower tem-Tunneling experiments which can determine the gap in the
peratures attract much interest in view of the possible couelectronic density of statd®0OS) and its anisotropy yield for
pling between superconducting and magnetic order. Thall three compounds a gap in the range 10 to 20 mV in the
AFM ground state in the HF compounds mentioned while abasal plané:® However, far-infrared absorptidrid not re-
first sight similar, reveals essential differences. While insolve any gap-like features for UpAd 5, unlike in URWSis.
URW,Si, neutron-scattering experiments below theeNem-  For URWSi,, the most investigated compound among this
peraturel y=17.5 K resolved an AFM ordered structure with class of HF systems, it is still under discussion how the large
a tiny ordered moment (0.@30.01)ug/U-atom along thee  anomalies in the transport and thermodynamic properties at
axis! UPdAI; below Ty=14K has aligned U moments Ty can be reconciled with the tiny ordered moments. There-
equal to (0.8%0.03)ug in the basal planAlthough the fore, understanding the nature of the magnetic order param-
latter compound has the largest moment among the HF sweter in the AFM state of URiSI, remains a challenge. Re-
perconductors, it has the highest superconducting criticatent transport and neutron scattering measurements in a high
temperaturel ; of about 2 K, compared to the typical value magnetic field revealed different transition fields for the
of 1.4 K in URWSI,. UNiyAl; has been investigated much AFM order orTy (~40 T; Ref. 10 and for the tiny staggered
less than the other two compounds, probably because of cemagnetic moments~14 T; Ref. 1). This has led to a specu-
tain difficulties in the preparation of good samples. Thislation about some additional “hidden” magnetic order pa-
compound is isostructural and isoelectronic to Wig, but  rameter in URSI,.
has a few times smaller magnetic moment of about (0.24 To clarify some aspects of the aforementioned magnetic
+0.10)ug (Ref. 3 as well as lower critical~1 K) and Neel  ordered state, we have performed a comparative point-
(~5 K) temperatures. contact study on these U-based HF compounds in strong

Pronounced anomalies in the specific heat, magnetic susaagnetic fields. Of the three compounds the normal state
ceptibility, resistivity, etc., for all three compounds indicate aproperties have been investigated previously using point-
phase transition to an AFM state. The resistivity has a weltontact spectroscopy only for URsI, (Refs. 12—-1% al-
definedN-like structure afl'y in URW,SI,, which looks like a  though not in applied magnetic fields. TH&/dI(V) char-
kink for UPd,Al; and is even more shallow for UpI;. For  acteristics of point contacts with URSi, show anN-type
the interpretation of these anomalies a transition to a spinfeature related to local contact heating above theelNe

1063-777X/2001/27(6)/5/$20.00 493 © 2001 American Institute of Physics
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FIG. 1. Two types of behavioka) and (b), in the dV/dI(V) curves for single crystal UR8i, homocontacts established in the basal plane at increasing
temperature up td), . The curves are offset vertically for clarity. The insets show the temperature dependence of the zero-bias resistance, whigTjnimics
for bulk samples.

temperatur® and a zero-bias maximum which has been anadV/dI(V). We note that the temperature dependence of the
lyzed in terms of a partial suppression of the density of statesontact resistancé=ig. 1, insetscorresponds in all cases to a
related to an itinerant AFM ground stafe’***The present p(T) independent of the type afV/dI(V) behavior. This
study allows one to follow these characteristics of the AFMindicates that the material in the constriction reflects the bulk
ground state in a magnetic field with a complete temperatureproperties. The features mentioned, namely Katype kink

dependent study of the phenomena. and ZBM, vanish at the N# temperaturgFig. 1) and are
We have investigated both homocontacts between thgherefore connected with the magnetic state.

same HF compounds and heterocontacts between a HF com- The yoltage position of thi-kink (marked byV, in Fig.

pound and normal metals like Cu or Ag. The main differencey 4 is determined byryy and corresponds to the transition of
was only in the degree of asymmetry of h€/d|(V) curves e contact region from the AFM to the paramagnetic state,
with rezpfect htot blas-V(t)Ita}[geTﬁ)]olarlt.y,' Wr}'i;‘ IS more E’rofmost likely due to bias-voltage heating in the constriction.
nounced for heterocontacts. 1he origin of the aSymmelry 1§pq temperature de endengé— (T/Ty)? of V, shown in
still under discussiof® Because this effect has no influence Fig. 2a ig expected Ff)or such a I(ocaINgontactkheach’mghe

on the main conclusions of the present investigations, W& BM is more pronounced for curves with shallow or unre-

will devote no more attention to it. In the case of the . )
o . olved kink anomalies. Moreover, the ZBM cannot be de-
URuW,SI, single crystal, the heterocontacts were established

in such a way that both the contact axis and magnetic fieldc'CribGd in the thermal model, as can be seen directly upon
were parallel to thec axis or perpendicular to it. For the comParingdV/di(vV=0) with dV/dI(V=0T)=R(V=0,T)

: : . «_(see Fig. 1h These observations point to the spectral nature

UPdAI; single crystal the contact axis and magnetic field
were aligned along the easy basal plane direction, wheredd the ZBM. The latter has been relatésee, e.g., Ref. 15
we used UNJAI; samples of unknown orientation. The mea- with the existence of a gap in the excitation spectrum of the
surements were carried in magnetic fields up to 28 T at 4.2 Klectrons due to the formation of a SDW beld. The
(but for UNi,Al3 up to 10 T at temperatures down to about 2£BM has a width which is comparable to the gap value es-
K). timated in Refs. 4 and 6—8. The intensity of the ZBM de-

The measuredV/dI(V) curves of URYS, contacts can  creases gradually with increasing temperattiré, analo-
be separated into three groups. In the first group th&ously to the intensity of AFM Bragg peaks describing the
dV/dI(V) curves mimic the behavior of buli(T). The dif-  behavior of the staggered magnetic moments or the order
ferential resistance increases with voltage and exhibits aparametet® Therefore, it is tempting to relate the ZBM also
N-type feature at about 20 mi¥ig. 19 similar top(T) atTy with the magnetic order parameter, although the microscopic
(Ref. 6. The second type alV/dI(V) curve exhibits a pro- nhature of the tiny staggered magnetic moments in AfRu
nounced asymmetric zero-bias maximui@BM) with a  and their influence on the measumtd/d| are still unknown.
width of about 10 mV indV/dI(V) (Fig. 1b), followed by  Because the intensity of the ZBM depends on the chosen
gradually increasing signal at higher voltages. The thirdcriterion for subtraction of the increasing-with-voltage back-
group contains simultaneously both kinds of structures irground, we suggest taking the voltage position of the minima
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FIG. 2. Temperature dependence of the reduced voltage posifiot® andV,, (b) (for definition see Fig. Lfor a few URYSi, homocontacts established
in the basal plane. The solid circles for both figures correspond to the same homocontact. The solid line in both figures is the mean-field BCS dependence,
while the dashed curve describes the thermal regime beHavior.

V., (see Fig. 1pas an additional measure of the magneticdence is found also for the width of the ZBWot shown,
order parameter, as supported by the mean-fBldS-like) ~ which is related to the SDW gap. Thus the abovementioned
Vn(T) dependence in Fig. 2b, which was also found in Refsfeatures indV/dI(V)-V,, the ZBM width, and the ZBM
13 and 14. intensity orV,, measured on the same contact —are de-
The point-contact data presented in Fig. 3a for magnetiscribed by the magnetic field dependencies characteristic for
fields parallel to the easy axisexhibit both types of features the behavior of the transition temperatdrg, magnetic gap
discussed above, i.e., ZBM ahdkink. The integrated inten- width,'° and magnetic order parametérespectively. More-
sity of the ZBM (after subtraction of a polynomial voltage- over, as can be seen in Fig. 3b, independent of the type of
dependent backgrouhis close to a/1— (B/B.)%? behavior, behavior, in all cases the critical field is estimated to be about
like that for magnetic moment$ As is shown in Fig. 3b, the 40 T, which coincides with theB, values measured by
same dependence is found fé, as well. On the other hand, magnetoresistandé.Therefore, unlike in Refs. 10 and 11,
V, follows a magnetic field dependence<{B/B.)?) like  where for the ordered magnetic moments the critical field is
that for Ty (Ref. 10; shown in Fig. 3b The latter depen- estimated to be about 14 T, our data show the presence of

a b
V
150 7K
[
G
— 107 T 11
o £ A. M
g > A A
3 = e
5t Vm S A\\
% \
15 \ 0
-30 -20 -10 0 10 20 30 0 20 40
vV, mV B, T

FIG. 3.dV/dI(V) curves for a URgSi,— Cu heterocontact in magnetic fields along the easy@ai§ =4.2 K. The solid curves correspond to the field sweep
up, while the dashed curve is for the field sweep down. The arrows indicate th¥ kankd minimumV ,, positions. The curves are offset vertically for clarity
(a). Dependence oY, ,V,, and ZBM integrated intensityy, versus magnetic field. Note, that the position\gf,V,,, and ZBM intensity was taken after
symmetrizing of thedV/dI(V) curves. The solid lines represent the dependeneg(BIB,)?) characteristic fofy(B) and the spin-wave gap(B),® while

the dashed line/1— (B/B,)%? is taken from Ref. 11 for staggered magnetic moméis



496 Low Temp. Phys. 27 (6), June 2001 Naidyuk et al.

—
[8)]

FIG. 4. dVv/dI(V) curves for a
UPdAI;—Cu heterocontact withR,
=4.3(Q) at different magnetic fields
along the basal plane afid=4.2 K. The
horizontal line with arrows indicates the
width of the minimum. The curves are
offset vertically for clarity(a). Width of
the minimum versus magnetic field for
the previous contact and for another con-
tact with Ry=0.09Q (b). Magnetoresis-
tance of the contact witliRy,=4.3Q at
zero bias and at 10 mV. The vertical
dashed line marks the position of the
metamagnetic transition at 18(T).
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one order parameter, which vanishesTat=17.5K andB, smooth, broad, almost symmetric minimum around zero
=40T. This is in line with the recent observation of van bias. However, often a shallow ZBM can be observed around
Dijk et al!®that the ordered moments remain coupled to theV=0 (Fig. 5. The distance between the minima in
energy gap in the magnetic excitation spectrum in fields uglV/d1(V) with a ZBM is a few mV(often up to 10 mV, and
to at least 12 T. We should emphasize that in measuringhe ZBM disappears at about 5 thetween 10-15 K for
URW,Si, contacts in a field perpendicular to the direction of wider maxima. For a ZBM with a critical temperature of
the easy axis we did not find any noticeable influence of abou 5 K the critical field was about 10 T. From this point of
magnetic field ordV/dI(V), testifying that the point contact View UNi,Al; behaves similarly to URiSi,, hinting at the
data really reflect the bulk properties. development of a magnetic state with a partial gapping of the

Let us turn to the other compounds. Tdhe/d1(V) curve ~ Fermi surface in this compound, too. It should be noted that
of UPd,AI; contacts(see Fig. 4 show a minimum av=0, for UNi,Al; we did not resolve any feature idV/dI(V)
with edge maxima or shoulders which are connected with thé€Fig. 5 connected withTy, like that in URySi, (Fig. 1a
AFM transition due to the heating effettanalogously to and UPdAl; (Fig. 5. This transition afl is also very shal-
the N-type feature in the case of URSi,. However, for low in the p(T) dependence of UMAI;. Probably a better
UPd,Al; contacts we have never seen even a shallow zBMjuality of the UNpAI; samples is required to register the
neither for homo- nor for heterocontacts after a study ofAFM transition and to study the temperature behavior of the
more than 20 contacts both below and above thelkem-  ZBM in dV/dI(V).
perature. Therefore no evidence of the partially gapping of ~Summarizing, the point-contact measurements for the in-
the Fermi surface is observed for URf;, unlike in vestigated U-based heavy-fermion compounds yield infor-
URWSi,, a finding which points to a quite different magnetic mation on the differences in the AFM ground state of these
ground state as well as to a different nature of the orderegystems. The ZBM structure idV/dI(V) for the URySi,
moments for the two compounds. contacts points to a partially gapped Fermi surface in the

A magnetic field along the easy basal plane modifies the
dV/dI(V) curves of UPgAl;, as can be seen from Fig. 4a.
The maxima shift slightly(=~15%) to lower energies and
broaden with increasing magnetic field up to 18 T, and then . UPd,Al,
vanish in higher fields. The width of trdv/d (V) minimum 1.4
atV=0 has a minimum at 18 T, while the contact resistance _
has a kink at this field both at zero bias and finite bias volt- §
age(see Fig. 4b,c Hence the metamagnetic transition at 18 ©l.2
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T is clearly resolved in the point-contact measurements,
while no other phase boundary was observed both at lower
and higher fields up to 28 T. From measurements of the dc
susceptibility, dc magnetization, transverse magnetoresistiv-
ity, and magnetostriction, Grauet al?® have also found a 0.8- URuSi
phase boundary in UBAI; at a critical field of about 4 T N ‘2 zi L
along the basal plane. However, the influence of this low- 40 -20 0 20 40
field transition on the resistivity is at least one order of mag- vV, mv
nitude smaller than for the transition at 18 T. Moreover, the
fact that de Visseet al® did not find a transition at 4 T in F!G. 5. Comparison of theV/dI(V) curves for homocontacts with the
their magnetoresistance data indicates that a reorientation {:g:j N QCO;"E%UQ?(S) S;g'e&;gj‘?F(Q':(’::?)?Z'%’QT’:T:;E).'QA' ggm‘;
the AFM domains could play a role in this phenomenon. only resolved for the latter two compounds. The curve for LBuis shifted
The dV/dI(V) curves of UNjAI; usually represent a down by 0.15.

-1
0

R

0
'
|
1
1
i
]
]
|




Low Temp. Phys. 27 (6), June 2001

Naidyuk et al. 497

magnetically ordered state, but no evidence of an analogou&. Aarts, A. P. Volodin, A. A. Menovsky, G. J. Nieuwenhuys, and J. A.

structure has been found in the case of Wg unlike for
UNi,Al;, where it is possible to resolve a shallow ZBM. The
results for URYSI, in the H-V, T diagram vyield only one
critical Neel temperature of 17 K and one critical field of
about 40 T along the easy axis for all features in
dv/dI(V), testifying that they result from the same order
parameter in the magnetic state.

*E-mail: naidyuk@itl.kharkov.ua
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QUANTUM EFFECTS IN SEMICONDUCTORS AND DIELECTRICS

Quantum biexcitonic liquid in monoclinic ZnP , Crystals
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A phonon-roton dispersion relation is proposed for the elementary excitations of a quantum
biexcitonic liquid in semiconductors. The proposed dispersion relation is used as a starting point
for a calculation of the photoluminescence spectrum of the liquid and an analysis of its

behavior under variation of temperature and density of the biexcitonic liquid. The parameters of
the dispersion curve of elementary excitations of the quantum biexcitonic liquid are

evaluated by fitting the calculated photoluminescence spectrum to the experimental spectrum of
the biexcitonic liquid of semiconducting-ZnP, crystals. Experimental studies of how the
photoluminescence spectrum of a biexcitonic liquigBhZnP, depends on the temperature and the
intensity of the laser excitation confirm the initial theoretical model. The dependence of the
temperature of the crystals on the excitation intensity is measured, and for some of the samples an
anomalous dependence is found: the temperature of the crystal decreases as the excitation
intensity increases. This effect is probably a consequence of the giant thermal conductivity of the
superfluid biexcitonic liquid in3-ZnP, crystals. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1382994

INTRODUCTION preted as evidence of superfluidity of Bose-condensed exci-
tons.

For a long time the phenomenon of superfluidity was  Guided by the analogy between excitonic molecules and
observed exclusively in liquidHe at temperatures below hydrogen molecules, one can analyze the possibility for su-
2.17 K. It is well known that the dispersion relation for el- perfluidity to arise in such a biexcitonienoleculay liquid.
ementary excitations in superfluid He Il is characterized by arhe existence of a biexcitonic liquid in semiconductors was
so-called roton gap. A dispersion relation of this sort was firsfirst considered in Ref. 7. As we have said, superfluidity is
proposed by Landduand later investigated theoretically by not observed in liquid hydrogen because of the earlier onset
Feynmarf, and it was subsequently confirmed in neutronof crystallization. However, the effective mass of excitonic
scattering experimenfsAmong the Bose liquidsiHe is  molecules is 2—3 orders of magnitude smaller than that of
unique in that it remains liquid at atmospheric pressure dowmhe H, molecule, and crystallization of a biexcitonic liquid
to the lowest temperatures. Other Bose liquids crystallize gprobably should not occur at all. Therefore, at sufficiently
temperatures above those at which superfluidity can ariséow temperatures a biexcitonic liquid can go into a superfluid
Crystallization sets in because the energy of the intermolecustate. However, as it turns out, the formation of a biexcitonic
lar interaction is greater than the vibrational energy at temiiquid itself is extremely problematical. Keldy$kand later
peratures above the temperature of the onset of superfluiditgrinkman and Ric& pointed out two important differences
Since the vibrational energy goes#®,,,<m~ Y2 (misthe between H molecules and EMs in typical semiconductors.
mass of the moleculesuperfluidity is more likely to arise in  First, since the effective masses of the electron and hole are
liquid molecular hydrogen than in other liquids. However, often of the same order, the binding energy of the excitonic
even in the case of liquid $the energy of the intermolecular molecule, measured in units of the binding energy of the
interaction is too large, and crystallization sets in before suexciton(atom), should be much less than 0.35 for the hydro-
perfluidity as the temperature is lowered. gen molecule. Second, the contribution of the energy of zero-

The analogy between Wannier—Mott excitons in semi-point motion is considerably larger in a system of biexcitons
conductors and atomic hydrogen is well known. This analbecause of the small mass of a biexciton. For these two rea-
ogy extends to excitonic molecul¢gMs or biexcitonsand  sons, as experiments have shown, in typical semiconductors
to the hydrogen molecule. The problem of Bose condensasSi, Ge, and a number of othemt high excitation intensities
tion and superfluidity in a system of excitons has been veryan electron—hole Fermi liquid is formed. One therefore ex-
popular in semiconductor physics for the past 20—25 yearpects that the formation of a biexcitonic Bose liquid can
(see, e.g., Refs. 446The possibility of superfluidity of ex- occur only in crystals in which the effective masses of the
citons in a strong magnetic field was pointed out in Ref. 5.electron and hole are sufficiently different. Furthermore, the
An unusual ballistic solitonlike regime of exciton motion in mass of the EM should be sufficiently large that the contri-
Cu,O crystals was observed in Ref. 6. This effect was interbution of the zero-point motion is sufficiently small and it

1063-777X/2001/27(6)/6/$20.00 498 © 2001 American Institute of Physics
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becomes possible for a molecular liquid to form. At the sameRotons in a biexcitoni¢émoleculay liquid can be regarded as

time, the mass of the EM must be small enough that “early”’molecular Frenkel excitons. The excitation energy of the

crystallization cannot occur. molecule in the presence of phase correlation between the
Crystals of monoclinic zinc diphosphidg{ZnP,) meet  molecules in the liquid can be written as

the stated requirements. This crystal is characterized by an

appreciable difference of the electron and hole effective ~AE=AEq+D+2M cog(k—kg)al, 2

masses¢=m./m,=0.06), a rather large value of the trans- . o .
€=me/my ) 9 whereAE, is the excitation energy of a free molecul®,is

lational mass of the biexcitompe,=3mo (M is the free the change of the interaction energy of a given molecule with
electron mags and a very strong anisotropy of the effective . 1ang . o y gIve
neighbors upon its excitatio is the matrix element for

masses of the carriers. For example, the anisotropy parameﬂ%? . .
y=1,/u, is equal to 0.19u, andu, are the values of the the transfer of the energy of excitation from the excited mol-

reduced masses of an exciton in the directions parallel to angfu'e to a neighbor in the ground stateis the average

perpendicular to the (c) axis of the crystal As we know istance between these molecules, &nd the wave vector
the anisotropy leads to an increase in the binding energy o:?f EFrzezr;kgl exggon,tlr.]e.,(jl? ourr ?:a:er tlhii rt;tor;.rT?enlastntgrim
free electron—hole complexes, i.e., excitons, biexcitons, and! E9- escribes the dispersion relation of rotons and 1s

their condensates. Therefore, the excitonic molecule irphysmally meaf_“”gf“'_ for|Ak|-=|k—k0|S7r/2a. Thus .the_
B-ZnP, has a rather high binding energ&b —6.7meV photon—roton dispersion relation for elementary excitations
o 15% bex = of a biexcitonic liquid can be written as

A5EL,.

The excitonic state with the lowest energy in this crystal E(k)=huk for 0O<k<k,—/2a
is the dipole-forbidden $ state of the orthoexcitotf. This 0
mal_<es it rather easy to _cregte an appreciable cor_lce_ntration of and k> ky+mi2a; E(k)=huk—ycog(k—kp)a]
excitons and, hence, biexcitons under laser excitation. Stud-
ies by the authors have shown that the condensation of biex-  for k/ — 7/2a<k<k}+ m/2a, (3
citons inB-ZnP, crystals occurs via a hydrogenlike scenario,
i.e., unlike the case of typical semiconductors, a liquid of thewhere y=—2M. For small|Ak| the second relation of sys-
molecular(insulatoy type forms in them. In the photolumi- tem (3) can be written in the form
nescence(PL) spectrum of these crystals one observes 5 5
the so-calledC line, which is due to two-photon annihilation (K)=A+ A (k—ko) (4)
of biexcition?) condensed into a moleculafinsulato r 2m,
liquid.®"*® In Refs. 12 and 13 the phase diagram of _ _ _
a biexcitonic liquid was measured and its critical parameter§duation(4) is exactly the same as the equation proposed by
were determined: Te=4.9K, Npec=4.1x10%cm 3 Landad _for describing the dls_persmn relation of rotpns in
(T pexc~63A=4.2a,,, wherea,, is the excitonic Bohr ra- superflwd He_ Il. Thus our chou_:e_of fche term “rc_)ton” is not
dius)’. arpltrary but is bgsed on the similarity of thg dispersion re-
In this paper we propose a model for the quantum biex/ations of rotons in helium and the collectivized molecular

citonic Bose liquid and calculate its emission spectrum. In€Xcitations of a biexcitonic liquid. In 2EC{.4) we have intro-
the framework of this model we analyze the experimentallyduced the following notationm, = —#/2Ma” is the roton
observed features of the fine structure of the emission line diffective massko=k,—m.u/ is the wave vector corre-

a biexcitonic liquid inB-ZnP, (theC line) as the temperature SPOnding to the roton minimum of the dispersion relation,

— 2 H H
and the intensity of the laser excitation of the crystal are@ndA=%uky+2M+mu%/2 is the energy gap in the spec-
varied. trum of elementary excitations of the biexcitonic liquid.

Starting from the dispersion relatid®) for a quantum
biexcitonic liquid, let us calculate the PL spectrum for such
a liquid. The spectrum we are looking for can be obtained
by convolution of the slit function and the function

Thus we assume that the biexcitonic liquid does notl (E)=10p(E)f(E), where ly=const, p(E)=pok?*(E)
crystallize down to the temperatures at which quantum efX(dk(E)/dE) is the density of states of the liquid, which is
fects become important. What sorts of elementary excitationdetermined from the dispersion relation for the elementary
can exist in a quantum biexcitonic Bose liquid? It is logical excitations po=const);f(E)=1[expE/ksT)—1] is the dis-
to assume that, first, there are acoustic phonons. Their digribution function for the excitations/quasiparticles of the lig-
persion relation is given as uid (the Bose—Einstein distribution functipnThe zero of

E(k)=huk ) energyE is taken as the vglue corresponding to the radiative

' transition from the state witk=0. For the parameters of the
where u is the sound velocity, an#t is the wave vector. dispersion curve we used the values obtained from a best fit
Second, we assume that owing to the intermolecular interamf the calculated luminescence spectrum to the experimental
tion in the liquid a collectivization of the intramolecular ex- PL spectrum of a biexcitonic liquid, recorded forBazZnP;
citations can occur in it. Since the lowest-energy exciteccrystal of high purity. Figures 1-4 show the calculated PL
state of an excitonic molecule is a rotational statéhese spectra of a quantum biexcitonic liquid of various densities
collectivized molecular excitations can be rotational excita-at different temperatures and also the characteristics of these
tions of the molecules. Here, following Landhthese col-  spectra as functions of temperatifeand the square of the
lectivized excitations/quasiparticles will be called rotons.excitation intensityl 2, (the density of the biexcitonic liquid

DISPERSION RELATION FOR ELEMENTARY EXCITATIONS
OF A QUANTUM BIEXCITONIC LIQUID
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spectrum of a quantum biexcitonic liquid with a phonon-roton dispersion"quid): nec| 2
relation for the elementary excitations. The arrow labdléddicates the &
low-energy () component of the spectrum, and the artothe high-energy
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is proportional tol2,). It is seen that the PL spectrum of a
biexcitonic liquid should have a two-component structure. In
the proposed model it is assumed that the shape and param-
eters of the dispersion curve are independent of temperature
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and depend only on the density of the liquid. The density of Samole S

o . . ple SQ
the liquid influences the shape of the dispersion curve and, !
through it, the shape of the PL spectrum. We used the fol- 0.9 3
lowing proportionalities relating the parameters of the dis- i
persion curve and the density of the liquighich is propor- 2
tional to the square of the excitation intengityaverage r0.6 3
intermolecular distanceacxn™*3x1_2®  sound velocity A L 4=049 meV
uxnY2x| ., kja=const, and the modulus of the matrix el- \ "o=9-8“‘f°m"
ement for the excitation transfer between molecules of the |02 U 10 oms
liquid [M|x<a 3l . RY; m =22m,

In concluding this Section we must mention the follow- e L Tk b
ing. A pronounced short-range order should be established in 0 3 6 9 12
the system of biexcitons due to the substantial interaction Intensity, arb. units Wave vector, 10%cm !

between them; however, there is apparently no Iong-rang’glel 5. Experimental PL spectrum of a biexcitonic liquid ingaznP,
order. The presence of short-range order ensures that relat'@@/stal (solid curvg and its approximation by the theoretical spectrum
(2) will apply at least in a qualitative way. On the other hand, (dashed curve(a); the dispersion curve for the elementary excitations of the
because of the absence of |0ng-range order in the case quaa_ntum biexcitonic liquid with tht_i,‘ parameters obtaine_d by fit_ting th_e the-
strong interaction between excitonic molecules, quasimogrs\t/l\(/:/iln?L spectrum to the experimental spectrimn Excitation intensity
mentum should not be conserved in optical transitions. This '
allows us to ignore the quasimomentum conservation law in
the expression for the luminescence spectrum and to assume
that the spectrum is completely determined by the shape afs was predicted by the model set forth above. Using the
the dispersion curve. dispersion relation of elementary excitations of a biexcitonic
liquid (3), we fit the experimental PL spectrum of the biex-
citonic liquid (Fig. 5), which was obtained for a sample of
high purity (excitation energy 3 kW/cA. This made it pos-
We studied semiconducting single crystals of monoclinicsible to determine the parameters of the dispersion curve of
zinc diphosphide of high purity, grown from the gas phasethe elementary excitationsA =0.49 meV, ky,=9.8x 10°
The technology of the synthesis and growth of these crystalsm™, u=1.4x10°cm/s, andm,=2.2m, (m, is the free
is described in Ref. 16. For excitation of the luminescenceslectron mass and also the value of the intermolecular dis-
we used a cw Af laser(emission line 5145 A tance in the liquida=92 A=6.1a,, and the temperature of
During laser excitation the temperature of the crystal athe crystal at the point of excitatio,=1.5K. The values
the point of excitation differs substantially from the tempera-obtained are physically reasonable, a fact which, in our view,
ture of the external environment, i.e., of the helium bath
surrounding the sample and the unilluminated region of the
sample. This makes it impossible to use a thermosensor for
precision temperature measurements, as one would get some
averaged temperature. It was therefore necessary to use an
internal temperature standafid’S) that would make it pos-
sible to determine the temperature of the crystal at the point
of excitation. For this standard we used the temperature de-
pendence of the spectral position of the narrow, inteBse 290K
line of the PL spectrunithe emission line of the free forbid-
den orthoexciton Because of the variation of the energy gap
E4 with changing temperature, tiieline changes its spectral
position(shifts to lower energy with increasing temperajure
Since the shift of the B line with temperature is small
(dT/d\g=3.62%K/A), for correct measurement we re-
corded a reference line of neon in the investigated spectral
region simultaneously with the PL spectrum. This technique
made it possible to determine the temperature of the sample
at the point of excitation to an accuracy of 0.05 K.

EXPERIMENTAL DETAILS

Sample ZD99-4

253K

1.75K

Intensity, arb. units

tii

1.60 K

BIEXCITONIC LIQUID IN B-ZnP, CRYSTALS. EXPERIMENTAL 1.58 K
RESULTS AND DISCUSSION

At excitation intensities above 1 kW/énand tempera- 1552.2 15525 1552.8  1553.1
tures below 5 K the PL spectrum @FZnP; crystals, as we Energy, meV

have said, contains an emission line of the biexcitonic IIqUIdFIG. 6. Evolution of the experimental PL spectrum of a biexcitonic liquid in

(the C _"ney henceforth called th€ spectrum. As we see 5 g.znp, crystal under variation of the temperature of the sample at the
from Figs. 5—-9 theC spectrum has a two-component form, point of excitation. Excitation intensity 4.8 kW/ém
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FIG. 7. Temperature dependence of the characteristics of the experimental
PL spectrum of a biexcitonic liquid in 8-ZnP; crystal. The notation is the way. The shape of thé spectrum can differ substantially for
in Figs. 2 4. Plott | th tical axis i t Fig. 7c is the,. P
same as in Figs. 2 and 4. Plotted along the vertical axis in part Fig. 7¢ is thggco ot samples. This is due to the fact that at the same

difference[ E(T) — Ep(T)]—[En(To) —Ep(To) 1, whereE,, is the position T . .
of the maximum of thd or h component, an, is the position of the ~ Values of the excitation intensity and crystal temperature, a

maximum of the narrow line of the forbidden free orthoexcitd line), liquid of higher density should arise in purer samples than in
whi_ch was used to determine the temperature of the crystal at the point degs pure samples. Consequently, the shape of the PL spec-
excitation, andT is the minimum temperature reached in the experiment. trum of the liquid varies with its density.
The results presented above suggest that a quantum biex-
citonic liquid characterized by a phonon-roton dispersion
tends to confirm that the proposed theoretical model is correlation for the elementary excitations can formgazZnP,
rect. Further evidence of this is the good agreement of therystals under certain conditions. This sort of dispersion re-
experimental and theoretical spectra, in view of the approxitation, as we know, is evidence that superfluidity can arise in
mate, model character of the dispersion curve given by Eqs Bose liquid, in particular, in liquidHe. Is it possible that
(3). superfluidity can arise in a biexcitonic liquid in gZnP,
The evolution of the shape of theé spectrum and the crystal? To answer this question we performed the following
behavior of its characteristics under variation of the temperaexperiments. For some of the samp(€$g. 10 we studied
ture and the square of the excitation intensity are shown ithe temperature of the crystal at the point of excitation as a
Figs. 6—9. The behavior of the experimental spectrum undefunction of the intensity of the excitation. The normal situa-
variation of the temperatur@igs. 6 and Yis similar to that tion is for the temperature of the crystal to increasing with
of the theoretical spectruiirigs. 1 and 2 Analysis of theC increasing excitation intensity. Besides the normal monotoni-
spectrum under variation of the excitation intensity is madecally increases behavior of(12,) (curve 1), for several
difficult by the fact that simultaneously with the variation of samples we obtained anomalotél gxg curves: decreasing
the excitation intensity there is also a change in temperaturécurve 2) or nonmonotonic(curve 3). We think that the
which has a definite effect on the shape of the spectrum. IanomalousT(ngc) curves can be explained by an anoma-
comparing Figs. 2, 4, and 9 we can conclude that the chandeusly large(giant thermal conductivity, which accompanies
in the C spectrum at moderate levels of excitation is prob-the appearance of the superflug) Ccomponent in a quantum
ably due mainly to the influence of temperatitiee rise in  liquid below the superfluid transition. Such an effect is well
temperature with increasing,J, while at higher excitation known for superfluid He Il. We propose the following expla-
intensities the evolution of the shape of tBespectrum oc- nation for the anomalous behaviors observed. At a certain
curs mainly on account of the increase in the density of theexcitation intensity the density of the liquid reaches values
liquid with increasingl .,.. What we have said agrees with sufficient for a transition of the liquid to the superfluid state.
the intensity dependence of the temperature of the crystal aipon further increase ity the density of the liquid in-
the point of excitation, shown in Fig. 10. Thus the experi-creases, with the result that the temperature of the superfluid
ment is described by the theory in a completely satisfactoryransition increases and, with it, tteecomponent fraction.
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0.8f 8 1.5f corresponding giant thermal conductivity. Those crystals
2 T o I/ Tior g / with a nonmonotonicT(12,) curve (curve 3 in Fig. 10
E 0.6-/ ° —" I 1. A A would be less pure. The liquid formed in them is of a lower
z ~— % 0.9 / density but is nevertheless sufficient for the appearance of
£ 04 ®* 2 o6 A the s component. However, this component represents a

0ol "/ I/ Tio a 0.3 A,‘ I/1, b smaller fraction than in the perfect crystals, and the giant

‘ 5553540 553570 thermal conductivity provides a sufficiently effective heat re-
2 1 Ko 4 12, (Wiom?)2 moval only up to certain values of the incoming laser power.
e & When the power is increased further, the temperature of the
> 0.30f "- °°mF:’f2/0 > 0.40} R /Au\ a—a F:rystal peginszto grow. In those gryst_als with a monotonically
g 0.24 o i 0.36} |\ mcreasmgT(Iex_c) curve (c_urvel in Fig. 10 the concgntra-
£€0.18} ¢ m| £ tion of defects is rather high, and therefore the density of the
2 n— | £ 032} L
Eo12 o S liquid in them does not reach the values necessary for a
§0.06 bt component 1028 trgnsition to the supgrﬂuid state and the resulting onset of
ols c| < 0.24 d giant thermal conductivity. As a result, the temperature of the
0 10 20 230 40 010 20 30 20 crystal at the point of excitation increases with increasing
T3, (kW/cm?2)2 T2, (kW/cm?)2 excitation intensity.
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Texc, (kW/cm?) Texc, (kW/cm?) YIn two-photon annihilation there is no recoil particle that could take an

o . .. appreciable part of the momentum of the annihilating EM. For this reason,
FIG. 9. Characteristics of the experimental PL spectrum of & biexcitonic gjnce the photon momentum is very small, momentum conservation allows
liquid in a B-ZnP, crystal upon changes in the square of the excitation yyo-photon decay only for an EM witk~0, i.e., the two-photon PL line
intensity. The notation is the same as in Figs. 2 and 4 and 7. Plotted alongShould be very narrod In two-electron(one-photoitransitions, in which

the vertical axis in Fig. 9c is the differeng&n(12,) — Eq(1 591~ [Em(13) only one exciton of a molecule annihilates, the second, surviving exciton
—Ey(15)], whereE,, is the position of the maximum of theor h compo- can take an arbitrary quasimomentum, i.e., the one-photon PL lines are
nent,E, is the position of the maximum of th# line, andl, is the lowest rather wide. This makes it possible to distinguish the two-photon PL lines
excitation intensity used in the experiment. of free biexcitons and of a biexcitonic liquid, unlike the case of the one-

photon PL lines.

This can increase the thermal conductivity, i.e., the thermal—
energy should be removed more efficiently from the excita-
tion region of the crystal, and so the temperature of the crys-
tal should decrease with increasing excitation intensity. Ap-
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A study is made of the influence of structural defects on the thermal conductivity in

parahydrogen crystals and in parahydrogen—orthodeuterium solutions. The defects in the crystals
are generated by means of a thermal shock. The temperature dependence of the thermal
conductivity is analyzed in the framework of the Callaway relaxation model in the Debye
approximation for the phonon spectrum with allowance for phonon—phonon scattering processes
and Rayleigh scattering on isotopic defects and structural defects such as dislocations and
low-angle boundaries. The effect produced in the sample by the thermal shock is found to depend
on the deuterium concentration. In pure parahydrogen an increase in the dislocation density

is observed, and in parahydrogen—orthodeuterium solutions an increase in the density of low-
angle boundaries. The change in the density of low-angle boundaries in the solutions after

the thermal shock depends linearly on the concentratiombBf. © 2001 American Institute of
Physics. [DOI: 10.1063/1.1382995

INTRODUCTION EXPERIMENT

Structural defects have a strong influence on the proper- Measurements of the thermal conductivity at tempera-
ties of simple molecular crystals having a van der Waals typéures ranging from 1.5 K to the melting temperature of the
of interaction(cryocrystaly. There is published research on Sample were carried out by a modified thermal potentiometer

9
the plastic deformation of solidified inert gases and crystalMethod:

line hydrogef? and on the influence of structural defects on A sample O.f parghydrogeﬁ.o mm in diameter and 7.5
- 5 mm long was investigated the measurement cell described
the thermal conductivity of cryocrystals® At present there

- . . in Ref. 10 in the temperature interval from 1.5 to 12 K.
is still _an open qu_estlon_ as to the fagtors that influence th%amples of @-H,-0-D, solid solution witho-D, concen-
formation of the dislocation structure in a crystal. trations c=0.001, 0.05, 0.1, and 0.2 were investigated at
The presence of stacking faults in a lattice can be astemperatures from 1.8 K to the melting temperature in a new
sessed from the character of the temperature dependencefgasurement cell. A diagram of the low-temperature cell is
the thermal conductivity of the crystal. The behavior of theshown in Fig. 1. The ampoule for growth of the crystal and
thermal conductivity is governed by the frequency depenfor measurement of its thermal conductivity is a stainless-
dence of the relaxation time of the phonons participating irsteel tubel with an inner diameter of 4.6 mm. Thermometers
scattering processes on structural defects. Depending on t#eand3 (TSU-2, made by the All-Russia Scientific-Research

density of dislocations in the crystal, they can be treatednstitute of Physicotechnical and Radio Engineering Mea-

either as individual simple scattering centers that do not inSurements, Moscoywere placed on the outer surface of the

teract with one another or as dislocation wallsw-angle tube, 20 mm apart. The upper part of the tube contains a

. . . . 638 heater4 for producing a heat flux along the sample. The
boundariel which divide the crystal into subgraifis® The lower part of the tube is mounted to a cooled copper bck

frgquency dependence of the phonon relaxation time will b(?/vith a heater and a temperature serBoFhe cooling of the

different in each case. copper block5 was done with a Wheatley chamber com-
In this paper we present the results of a study of howhineq with a heat exchang@r In the interval range 5-300 K

structural defects formed as a result of thermal stresses affegblium vapor from a helium batB enters the chamber

the thermal conductivity of crystalline samples of purealong a tubed with a diameter of 1 mm. The flow of helium

parahydrogen and of parahydrogen—orthodeuterium solurapor into the heat exchanger is regulated by a low-

tions. temperature valvé0. To obtain temperatures beldb K the

1063-777X/2001/27(6)/5/$20.00 504 © 2001 American Institute of Physics
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14 were obtained by catalytic conversion of(Bél); at a tem-
perature near 20 R.
8 10 Solid solutions with a low concentration of structural

defects were grown, annealed, and cooled by a technique
which made it possible to obtain reproducible results on
samples of good qualiff?, The crystals were grown directly
from the gas phase at a temperature slightly below the melt-
ing temperature.

The thermal deformation proceduftaermal shockwas
as follows. At 4-5 K the temperature of the upper part of the
crystal was sharply raised almost to the melting temperature
by means of the gradient heater. This produced a gradient of
2-3 K/cm along the sample. Then the gradient heater was
turned off, and the temperature along the crystal rapidly
equalized to its original valué4-5 K). This whole proce-
dure took 5—6 min. Structural defects were produced on ac-
count of the plastic deformation of the sample under the
influence of the thermal stresses and to the deformation aris-
ing because of the difference in the coefficients of thermal
expansion of the sample and the cell in which it was located.

The relative random error for the thermal conductivity
measurement was not over 2% in the entire temperature in-
terval investigated except for temperatures below 2 K, where
it was around 5% as a result of the lower temperature gradi-
FIG. 1. Diagram of the low-temperature measurement éeltlampoule for ent produced. The combined error in the thermal conductiv-
growing the sample2,3—TSU-2 thermometerg}—gradient sample heater; ity measurements was not over 10% and was mainly due the
5—heat sink6—temperature sensor;i—Wheatley chamber combined with error in the determination of the geometric parameter of the
3alcz?;1ixtﬂ:§3|ge(?rl82_i:lzlt'“C’Qpiﬁ::;;fgr_tﬁngfgy;nﬁ%?ﬁ‘&”é;eﬁ:c:;;”; measurement cell. The error in the determination of the con-

. : centration was less than 15% of the indicated value of the

block; 14—capillary heater;15—(Au+Fe—Cu differential thermocouple; )
16—Manganin—Constantan thermocouples. concentration.

RESULTS

valve 10 was closed off, and helium from the helium bath g 16 5 shows the temperature dependence of the ther-
entered through a th_rottlml. The f|II|ng of the cell by the. mal conductivityK (T) for a sample of pure-H, before and
substance to be studied was done with the use of a Cap'”aré(fter the thermal shock. Before the thermal shock the thermal

inlet 12 connected to the upper part of the ampoliléor o, ctivity displayed the typical behavior for a perfect in-
growing the sample. The temperature of the capillary 'nle%ulator crystal, with a distinct maximum &=3.0K and a

was monitored both during the growth of the .c.rystal andtemperature dependenkdT) T2 below the maximum. Af-
during measurement of the thermal conductivity of thee e thermal shock the value of the thermal conductivity at

sample with the use of a copper blod8 and a capillary e ayimum decreased by a factor of 3, and its temperature
heater. The temperature of the capillary was monitored by an

(Au+Fe)—Cu differential thermocouplél5) and Manganin—
Constantan thermocouplds. In the thermal conductivity
measurements, in order to eliminate the leakage of heat from 1000
the sample heater through the inlet capillary and the conduct- i
ing leads of the heater and thermocouple, the temperature of

T
»

the copper blockl3 was set equal to the temperature of the 00 _ s
gradient heated. The low-temperature cell was surrounded  x E 4
by a radiation shield. £

The growth of a crystalline sample and measurement of §
its thermal conductivity was a completely automated pro- /10 [
cess. The measurement process was controlled by a personal b
computer. [

The hydrogen for the experiment was cleaned with a 1k
palladium filter. The concentration of chemical impurities in E , X , e
the cleaned hydrogen was not above 10~ , and the con- 1 2 3 4 5 678910
centration of isotopic impurity was at the natural level of T.K
around 1< 10"*. The initial deuterium gas had a chemical FIG. 2. Temperature dependence of the thermal conductKitgf pure

purity of 99.67%. ParahY_dmgen co_nt_aining 0.21% Orthohy'parahydrogen beforeh) and after(¥) the thermal shock; the solid curves
drogen and orthodeuterium containing 2% paradeuteriurhow the result of a fitting by the Callaway formula.
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(6 T) = Ag3TS,

o0k c=0.1%D,
= wherex=hw/kT and w is the phonon frequency.
1ok The relaxation rates of the following resistive processes
were taken into account:
—phonon—phonon scatterir(y processes
0
5L ' 5 (X, T)=AuX2T3e ~EM;
4 | —Rayleigh scattering of phonons on impuriti@; mol-
< | ecules:
2F
E 2 v,
g. 0 Timp™ 473 ;
N
—scattering of phonons on the boundaries of the crys-
talline grains:
2 N
m =s/L,
0 whereV is the volume of the unit cell of the crystal lattide,
I ¢=20%D, is a parameter characterizing the properties of the impurity
oL scattering centefit takes into account the relative change of
I the mass at the impurity site, the lattice distortion, and the
1k change in the interaction constanptd s is the speed of
L sound, and_ is the mean grain size.
0 The values of the parametefs, and E for phonon—

phononU processes in pure parahydrogen agreed with the
values obtained in Ref. 10A,=5.69x10"s 'K 3, E
FIG. 3. Temperature dependence of the thermal conductivity of a=36.57 K. The values of the paramet&y that determines

p-H,—0-D, solution foro-D, concentrationg=0.001; 0.05, 0.1, and 0.2: the intensity of the normal Scattering processes for pure

A—immediately after growth of the samplgrowth from the gas for 300 -
min, annealing, and slow cooliig¥—the same sample after a thermal parahydmgen was taken from Ref. 9 A'\(_ 6.7

shock; the solid lines show the calculated curves. x 10*s 1K ®). For the solutions the intensity of the normal
scattering processes A() was calculated from the
expressioff

dependence to the left of the maximum became weaker than N

TS, At_temperatures in the region where phonon—phonon Ay~991.6 Y A ,

scattering processes are dominant, the curves of the thermal wV2e5

conductivity obtained before and after the thermal shock are . : .
the same. where u is the molar massy is the Gruneisen constani\,

For the p-H,—0-D, solutions the temperature depen- is Avogadro’s number, an® is the Debye temperature. It

dence of the thermal conductivity prior to the thermal shockVas taken. Into account th& and V' are functions qf the
was governed mainly by impurity scattering of phonons. Af.concentratiore. Th_e Debye temperature for the sqlutlon was
ter the thermal shock the thermal conductivity of the solu—CaICUIated according to the procedure proposed in Ref. 13:
tions at 1.8 K decreased by a factor of 1.5—-2. The difference

between the thermal conductivity curves before and after the ©(c)=0(0)
thermal shock became smaller as the temperature was raised,

and above a certain temperature these curves practically co- — —
incide. This means that the thermal shock does not destro{fn€rev andM are the mean molar volume and mass of the
the continuity of the samples, in contrast to the data of Ref>0lution, which depend on the deuterium concentration:

3, where the thermal conductivity of #e crystal after a V=cVp +(1-¢)V

thermal shock decreased in the entire temperature interval P2 Ha’
investigated. The results of the measurements of the thermal
conductivity of the solutions before and after the thermal

shock are presented in Fig. 3. The average speed of sound in the solutions was calcu-
lated from the Debye temperature. For pure parahydrogen
the following characteristic parameters were used:
=118.5K, s=1340 m/s,V=23.06 cni/mole, andy=2.

The analysis of the experimental data was done in the The relaxation of the phonons on account of structural
framework of the Callaway model with allowance for the defects depends on the type and number of defects and their
normal phonon—phonon scattering procegdeprocesses™’  spatial configuration. The rate of relaxation of the phonons
The inverse relaxation time of thE processes were de- due to the stress fields of individual dislocations is usually
scribed by the expressith calculated from the expressih

y 1/2

V(0)

\Y,

M (0)

M

M=cMp,+(1-C)Mp,.

ANALYSIS AND DISCUSSION
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TABLE I. The parameters found as a result of a fitting of the calculated curves to the experimental data. The
first row for each concentration corresponds to the thermal conductivity of the sample before the thermal shock,
the second rowsh) to after. The values dfl, were calculated from Eq2) on the assumption that=50b. The

column Iabeledr;,fsh— 7-;31 gives the rate of relaxation on individual dislocation®& for pure p-H, after the
thermal shock.

U L, Tosn 7o Naist Np,
Co-D, 1Ps?t mm st 108 cm2 10'ts2 r
0 1.14 1.18 - - - 0

o(sh 1.14 1.18 4.2%10° 2.9 - 0
0.001 3.1 0.433 - - - 0.0018
0.00%sh 459 0.292 1.4910° - 4.11 0.0018
0.05 1.11 1.187 - - - 0.0828
0.05sh 4.93 0.269 3.8%10° - 4.46 0.0828
0.1 0.642 2.042 - - - 0.1737
0.1(sh 4.48 0.293 3.83810° - 4.10 0.1737
0.2 0.993 1.294 - - - 0.4682
0.2(sh 10.5 0.122 9.50% 10° - 9.82 0.4682

s Yw)=Ngg(yb)?w, (1) increased severalfolsee Table )l In the general case the

) ) ) ) ) sources of such phonon scattering can be both the outer
whereN is the density of d|slog?g|ons ardis the Burgers o ndaries of the sample and grain boundaries, and disloca-
vector; for hydrogerb=3.75<10"""m. tions bunched into regular rows that interact with one an-

The adjustable parameters used to fit the _calculategther (low-angle boundaried Deuterium impurity mol-
curves were the phonon mean free phtlfor scattering on - gcyles are pinning centers for dislocations and thereby

boundaries, the Rayleigh scattering paramdtefor each  giimylate the generation of dislocations in the crystal when it

concentration 0b-D,, and the density of dislocatiodys;. s geformed. The increase in the intensity of scattering on
The thermal conductivity of a sample of pure parahydrogery,qndaries upon the thermal shocking of impure samples can
not subjected to thermal shock was described using tWo 5¢ interpreted as the formation of new dislocation walls,

sistive scattering processéscattering on boundaries and \yhich divide the crystal into a large number of subgrains.

phonon—phonon scatterind=or a description of the thermal e formation of low-angle boundaries is characteristic for

conductivity after the thermal shock it was necessary to take, impure crystal during its polygonizatigmicrocrystalli-

into account the scattering of phonons by dislocatins ;a1 If the distanced between dislocations in a disloca-
mula (1)). After the thermal shock the dislocation density (ion \all is much shorter than the phonon wavelength, then
obtained from the fitting procedure wadNus=2.9  the rate of relaxation of phonons at such a defect is indepen-

—2
x10°cm 2 ) ) ) ) dent of frequency and will be described by the expreséion
In the analysis of the data for the solid solutions prior to

thermal shock the Rayleigh scattering on impurity molecules _, Nps( yb)?
was taken into account in addition to the boundary and 7s T 354 2
phonon—phonon scattering. The paramdterharacterizing
the intensity of this scattering was determined for all thewhered is the distance between dislocations in the disloca-
samples not subjected to thermal shock. Its values remaindin wall, andN, is the effective density of dislocations. If
the same for the samples after thermal shock. The experthe wavelength becomes small compared to the distdnce
mental curves of the thermal conductivity of the solutionsthe dislocations will scatter the phonons independently, and
subjected the thermal shock could not be described by exexpression(2) goes over tal) if s is replaced bywd. For
pression(1) as they could in the case of pure parahydrogenthe crystals studied the condition that the phonon wavelength
These curves can be explained by a growth of the contribube sufficiently large holds throughout the entire existence
tion from the frequency-independent scattering of phononsegion. Therefore, such a phonon scattering mechanism is
(scattering on boundarigsThe results of a fitting are shown entirely probable, as is confirmed by the results of the above
by the solid curves in Figs. 2 and 3. The best-fit paraméters analysis of the experimental data.
I', andNy;q before and after the thermal shock are presented Table | gives the values o calculated on the as-
in Table I. For a given concentration, the first line gives thesumpiton thatd=50b (the value usually used for analysis in
thermal conductivity of the sample before the thermal shocksimilar situation®19. The values oNp are quite large and
and the second line the value after the thermal shock. correspond to crystals that have been subjected to plastic
It follows from the above analysis that the main cause ofdeformation. It should be kept in mind that thg, are cer-
the difference in the thermal conductivity curves of thetain effective densities of dislocations in the sample which
p-H,—0-D, solutions before and after thermal shock is dueare determined from the fitting of the experimental data and
to a scattering mechanism whose contribution is proportionalvhich are related to the numerical coefficients determined in
to T3. Good agreemer(see Fig. 3is obtained between the Ref. 16 for the case of phonon scattering by the stress field
calculated curves and the experimental data. It follows fromaround an isolated dislocation. At the same time, they are in
the calculation that after the thermal shock the intensity otomplete agreement with the values of the dislocation den-
phonon scattering on boundaries in the impure samples isities obtained in experiments on the plastic deformation of
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Thus the result of the action of thermal stresses on a
sample depends on the concentration of deuterium impurity
molecules. In the case of a sample with the minimum pos-
sible deuterium conter{pure p-H,) the result of the action
of the stresses is the generation of a large number of indi-
vidual dislocations, while in the case of thg+D, solutions
it is an increase in the density of low-angle boundaries.
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istry of Education and Sciend®roject No. 2M/74-2000 in
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FIG. 4. Concentration dependence of the relative change in intensity of

scattering on boundaries as a result of a thermal shockpfét,—o-D,
solutions.

normal hydrogerd. Unfortunately, the only study that we
know of on the scattering of phonons by a dislocation ¥all
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The melting curve ofHe containing a smalftHe impurity is measured in the temperature range
20-600 mK. It is found that the coordinates of the minimum of the melting curve are

shifted, that hysteresis appears, and that the slope of the melting curve at low temperatures is
changed. The data obtained agree with a calculation that takes into account the change

in the coordinates of the minimum due to the entropy of mixing of3ie—*He solution. The
results of the experiment are used to estimate the error arising when the melting curve of

He is used to determine the temperature. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1382996

Thermometers based on measurement of the meltinin the region of high temperatures up to 0.3 %,
curve of*He are now widely used in the physics laboratory At impurity concentrations in the range 1-2% there
for temperatures in the millikelvin range. The idea of usingshould be noticeable effects at millikelvin temperatures,
the melting curve ofHe as a sensitive thermometer for ul- since, on the one hand, separation of both the solid and liquid
tralow temperatures belongs to Scribner and Adaméio  solutions should occur, and, on the other hand, the solidifi-
noticed that the relation between the pressure and temperaation pressure and the melting pressure for solid solutions
ture at melting offHe is universal and can be measured todo not coincide. Therefore, it is advisable to check the degree
high accuracy. Straty and Adafdeveloped a technique of to which small impurities ofHe deform the melting curve of
precise measurement of the pressure at low temperatures Bile in the millikelvin temperature range.
means of a capacitive membrane pickup, refined modifica- In the experiment we used two crystallization thermom-
tions of which are widely used for thermometry based on theeters placed on the same copper slab of a dissolution cham-

melting curve offHe. ber. In one of the thermometers pu@9.99% 3He was used
An important advantage of thermometers based on meas the working substance, and in the otiete containing
surement of the melting curve dHe (crystallization ther- ~2.1% “He in the gas phase.

mometers is the presence of three reliable reference points  The low-temperature part of the experimental apparatus
on the melting curve: a clear minimum, a point of transitionused in this study is described in detail in Ref. 6. The pres-
of normal®He the superfluidA phase, and a point of transi- sure was changed by means of a General Radio 1615-A ca-
tion of solid®He to a magnetically ordered state. By now all pacitive bridge, and the temperature was determined from
of the singular points on the melting curve fe have been the melting of the puréHe with the use of the polynomial
well determined, reconciled with one another, and constitut@roposed in Ref. 3. Also placed on the slab of the dissolution
a practical temperature standard in the range from 1 mK tehamber were several resistance thermometers which had
1 K34 been calibrated with the crystallization thermometer. The
In spite of the widespread application of crystallization temperature range investigated was 20—700 mK.
thermometers, there has remained an unanswered question as After blocking off the capillaries of the crystallization
to the possible influence diHe impurities on the melting thermometers containing pufkle and a solution with 2.1%
curve of®He. This question is especially topical becatide  “He, the temperature was lowered in small steps, the
of “commercial purity” usually contains 0.2—0.6%He. In  temperature-stabilizing system was turned on, and the equi-
Ref. 5 an estimate was made of the effecfidé impurities  librium pressure in each pickup was measured. The hold time
on the coordinates of the minimum of the melting curve ofat each temperature step was 40—-60 min. Measurements
He. It was assumed that the main role in the shift of thewere made both on cooling and heating. The results are pre-
position of the minimum, which is known to arise where thesented in Fig. 1.
entropies of the liquid and crystal are equal, is played by the It can be clearly seen that the melting—solidification
entropy of mixing of the solution. However, these estimatescurve of°He containing*He impurities has a number of im-
could not be checked because of a lack of experimental dataortant differences from the melting curve of piitée:
The solidification curves ofHe—*He solutions have been —The results of the pressure measurements made on
well studied only at largéHe concentration6l0—100% and  cooling differ appreciably from the data obtained on heating

1063-777X/2001/27(6)/2/$20.00 509 © 2001 American Institute of Physics



510 Low Temp. Phys. 27 (6), June 2001 Ganshin et al.

34
3.3f < 10
] -
o 3.2f -
§h . = 10
o 3.1r y . '_><
L i
3.0 < — 5
- —
2.9r
0 01 02 03 04 05 06 0 . : . :
T,K 0 0.5 1.0 1.5 2.0
X, % “He
FIG. 1. Melting curve of @He—*He solution containing 2.1%He: O —
cooling, ® — heating. The solid line is the melting curve of pdtée (Ref. FIG. 3. Relative error in measurement of the temperature using the melting
3). curve of®He containing'He with concentratiox at T=60 (1), 100(2), 200

(3), 300(4), and 400(5) mK.

in the range 180-480 mK; the maximum disparity is 0b- . o o the e concentrationg=7x 10° Pa/K, andT is
served in the region of the minimum—around 0.1 atm. This

is because, as we have said, the melting pressure in a soltuh-e temperature, and the corresponding change in the tem-

tion does not coincide with the solidification pressure. perature of the minimum is

—The pressure at which the minimum is observed on min= TminT ax/2b, (2
the melting—solidification curves is much lower than for pure
He.

—The position of the minimum is shifted appreciably to
higher temperatures.

—At low temperatures the slope of the melting curve of

the solution begins to differ noticeably from that for pure x) in 3He will cause the measured temperatifigto differ

3H
e.
For a more precise determination of the position of thefrom t_he real _temperatl_JrTE by an ampun_tA T=Tx. The
- . resulting relative error in the determination of the tempera-
minimum, Fig. 2 shows the results of the measurements for = . I . .
3 . . . ture is presented in Fig. 3. Here it was assumed that, in
pure“He and for the isotopic solution on an expanded scale

. o . accordance with formulad) and(2), the shifts of the coor-
for the region near the minimum. The minimum on the melt-dinates of the minimum P and AT for the solution
ing curve of the solution is observed Bt 333 mK, which is min min

. 3 B _
substantially higher than for purHe (315 mK), i.e., the relative to pure®He are proportional to théHe concentra

- . . tion. The deviation of the melting curve of the solution from
temperature of the minimum for the solution under study Isthe melting curve of puréHe was also taken into account
shifted by 18 mK to higher temperatures, while the pressure 9 P

e gt of e minmu i hife over by10 Pa as e 1€ 111 lemperare niel Flure & may b ueed o
compared toP,,, for pure *He. These results can be com- L P . . y
. . . : - of a crystallization thermometer if the working substance
pared with the estimates of the influencé'ide impurities on contains &He impurit
the position of the minimum of the melting curve @fle purtty.
which were made in Ref. 5, where the shift of the minimum
of the pressure due to the change in the entropy of mixing iSE-mail: rudavskii@ilt kharkov.ua
given as

AP,i= aXT. (1)

where b=3.8x 10° Pa/Ke. Estimates according to formulas
(1) and (2) for the solution investigated here giveP,,,=4
x10* Pa andAT,,,=18 mK, in agreement with our experi-
mental data.

Thus the presence 6He impurities(with concentration
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The phonon echo due to the tunneling of the hydrogen atom between two equilibrium positions
in hydrogen-containing niobium Nb@l, is investigated. The time dependence of the

intensity and shape of the two-pulse echo signal is obtained20@L American Institute of
Physics. [DOI: 10.1063/1.1382997

Amorphous systems characterized by the presence of The dominance of the Korringa relaxation in the forma-
two-level tunneling system@TS9 have been well studied. tion of the timeT; is due to the high density of states of
The TTS model has been applied to hydrogen-containingonduction electron$The Korringa relaxation will also be
metals such as Nh@®l, and NbQD, (0.005<x,y=<0.02)>®  the governing influence in the formation @, since the

According to Refs. 2 and 3, around an oxygen impuritydipole—dipole interaction between two-level systems, even at
atom there are 16 tetrahedral interstitial positions in whichtheir maximum concentratichjs less efficient than the in-
hydrogen atoms can be trapped. These 16 positions ateraction with nonlocalized conduction electrons, with an ex-
grouped in pairs, forming 8 tunneling systems. As comparedraordinarily high density of states at the Fermi leV#&\ith-
to the standard model of TTSs, the model used for hydrogemut going into the simple calculations, we shall state that by
containing metals has a number of specific features, includdsing the Kubo methddone can obtain for the relaxation
ing the absence of dependence of the distribution function orates of the TTS
the tunneling energy (in view of its constancy It is this
circumstance that leads to distinctive temperature and fre- 1 1
quency behavior of the various physical quantities. T, T,

The goal of the present study was to investigate the two-
pulse phonon echo in Nb@, due to the tunneling of the wherep=N(ep)/() is the density of electron states at the
hydrogen atoms. As we shall show below, by studying theFermi level.
phonon echo one can determine the structure and low- Substituting into(3) the standard value$=1K, E/#
temperature properties of hydrogen-containing metals. ~1GHz, V,~0.1eV, andp~1eV !, we obtainT,~T,

We write the Hamiltonian of the system as ~10 %s.

5 21 Such small values of the timds, and T, in comparison
2(E"—Ap) &z with the values ofl, and T, associated with the spin—lattice

E and dipole—dipole interactions are due to the high electron
density of states at the Fermi levat .

We obtain expressions for the time dependence of the
where S is the pseudospin operator of the TTB,is the intensity and shape of the echo signal by the method de-
energy splitting of the TTSy is the coupling constant of scribed in Ref. 9. That papereports a study of the rotational
ultrasound with the TTSHgsis the dipole—dipole interac- €cho in spin glasses due to oscillations of the macroscopic
tion Hamiltonian of the TTS, andH;, is the interaction €lectric polarization at the effective Rabi frequency. Later an
Hamiltonian of the TTS with the conduction electrons, whichanalogous technique was used to study the rotational echo in

T 3V, %E coth 3

_ Y| Ao T
H—ESZ+2 E(S +S7)+

X coSwt+H SS+ H ints (1)

has the form amorphous ferromagne’t%.The echo signal contains contri-
butions from tunneling systems with different effective Rabi

H. =£2 [V, (q)SZ+V, (q)S]C; C 2 frequencies(owing to the different energy splitting of the
=N LN 4 kZkta TTS9. The peculiarity of the formation of the phonon echo

lies only in acoustic action on two-level systems. The expres-

whereC, andC, are the creation an annihilation operators gion for the shape of the echo signal is

for electrons in states with wave vectorandV andV, are

interaction constants whose explicit form is given in Ref. 4. Emax Ay ycoswt[ Qg3
In the case when the Nb is found in the normabnsuper- A(t)=f P(E.A0) £ -
) o Ao |coswt| | Q
conducting state, the longitudinal’; and transversé, re-
laxation times of the TTSs are determined by the interaction X exp(—,B(t—th)Z) sifQ(t—2t,)]dE, (4)
of the TTSs with the conduction electrondorringa
relaxation,* and so in order of magnitudg,~T,. wherep(E,A) is the distribution function for TTSs over the

1063-777X/2001/27(6)/2/$20.00 511 © 2001 American Institute of Physics
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The results can be used to determine experimentally the lon-
gitudinal and transverse relaxation timesandT,, respec-
4+ tively.

For experimental determination of the relaxation times
T, and T, we deemed it advisable to use the technique de-
scribed in Ref. 11. Ordinarily the determination ©f re-
- quires a three-pulse echo, but since in our cBgeT,, the
two-pulse echo investigated here is entirely satisfactory. Ac-
1k cording to Ref. 11, we have foF, (formula(4.1.2 of Ref.
11

12
T

A, 10

L 1 1 L L 1 1 1

4 6 8 10 12 T
t,1071%s T2 i)

— 2 1/2 H H H
FIG. 1. Time dependence of the shape of the two-pulse echo signal. wh_erel (tp) =(A(tp)) < is th? intensity of the e_cho.S|gnaI.
Using the two-pulse echo signal for different time intervals

t, between pulses, one can determifig~T;, which, in
turn, gives an idea of the value of the interaction constant of
the TTSs with the conduction electrons in hydrogen-
energy splitting E for hydrogen-containing metals{z  containing niobium. Moreover, as we have said, the distribu-
=1/fi(Ao/E)y is the Rabi frequency) = Qg+ wg, tion functionp(E,A,) of the TTSs, which was used to aver-
age the results obtained in Ref. 9, has in the case of
2 02 Qé) hydrogen-containing metals a number of specific feaftires

E 1wy
wag=0= 3 B=§F T, + 27T, + 27, that distinguish it from the standard modéh particular, the
distribution function of the TTSs does not depend on the
andt, is the time interval between pulses. ':;nn((zl;ng paramegekto. B_ec:usbe of th'?’ aT:?n| b? seen from
Using numerical methods for the standard parameter val- g- b,t one (;an (ta' ermltr: ?[ thy va;rylntg ( f)t,hl.e'l.','l'gne d
ues Ag~0.01K, Ep~10K, ©~10GHz, T~1K, t can obtain information about the structure of the s, an

p - ] ’
~10 1%, we calculated the time dependence of the shapggiarlgay prove useful in the study of hydrogen-containing

and intensity of the two-pulse echo sigr(&igs. 1 and 2

*E-mail: Lchotor@usa.net
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FIG. 2. Time dependence of the intensity of the two-pulse echo signal. Translated by Steve Torstveit
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