A vitrifying structure transition in the Dy/Mo(112) adsorption system

A. Fedorus, V. Koval, A. Naumovets, and H. Pfnir

Citation: Low Temperature Physics 27, 850 (2001);

View online: https://doi.org/10.1063/1.1414575

View Table of Contents: http://aip.scitation.org/toc/ltp/27/9
Published by the American Institute of Physics

QUANTUM COMPUTING  SPINFRONIES:MOKE  DIAMOND NV CENTERS

CLICK HERE

APPLICATION

NOTES

LOW TEMPERATURENFECHNIQUES

3AVIW FON3IDS a102

n
'_
Z
L
>
2
(oE]
—
92]
v
<
z
<
[
4
(®)
P



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1558170155/x01/AIP-PT/MontanaInst_LTPArticleDL_2017_2/Banner---Horizontal-1640x440---App-Notes---11-29-16.png/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Fedorus%2C+A
http://aip.scitation.org/author/Koval%2C+V
http://aip.scitation.org/author/Naumovets%2C+A
http://aip.scitation.org/author/Pfn%C3%BCr%2C+H
/loi/ltp
https://doi.org/10.1063/1.1414575
http://aip.scitation.org/toc/ltp/27/9
http://aip.scitation.org/publisher/

LOW TEMPERATURE PHYSICS VOLUME 27, NUMBER 9-10 SEPTEMBER-OCTOBER 2001

A vitrifying structure transition in the Dy ~ /Mo(112) adsorption system
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Annealing-driven irreversible structural transitions are studied by low-energy electron diffraction
in submonolayer Dy films adsorbed on the (b2 surface. In a wide coverage range-0.07,

Dy overlayers deposited at low temperatur&s=(100 K) are ordered and keep their structure

upon annealing up to 350—600 K. Ne@+0.68, the overlayers are stable to high-temperature
annealing T,=1000K) as well, whereas the denser films are metastable and transform to more
stable ordered structures. An unusual annealing effect is found<f@.58: the initially ordered
metastable phases are replaced by phases having no extended order, which are assumed to be
two-dimensional glasses. @001 American Institute of Physic§DOI: 10.1063/1.1414575

INTRODUCTION RESULTS AND DISCUSSION

_The_glassy state of matter has_ been attracting agreat_and To carry out this study, we have used the ultrahigh-
abiding interest from both the basic and practical standpoints

. Vacuum system and the experimental setup described
(see, e.g., Ref.)1 There are a lot of methods of pmducmg.earlierfS‘7 Briefly, a SPECTALEED instrument equipped

various kinds of glasses. Among them, special attention is ith a charge-coupled devicéCCD) camera was used to

paid at present to the preparation and study of thin glassy an\squdy the surface structure. The stored video records of the

amorphous films, which combine a number of useful proper; ; . .
ties provided by the disordered structure and low dimensionl-OW energy electron diffractioLEED) patterns were uti

: . . lized to measure the peak intensities for the particular spots.
ality. In this communication, we report on a new method_l_h ntact potential difference method w lied for
allowing one to obtain ultrathitsubmonolayerfilms which, € contact potentia erence metho as apphed 1o

in contrast to the usual amorphous films, are stable againg?omto”ng_ the work function qhanges. The same molybde-
annealing and retain their disordered structure in a broadUM SPECIMEN as In our previous worlwas used for the
temperature range. substrate. Its surface consists @fi2 terraces as broad as
Our results have been obtained with Dy submonolayer§50 AX550A along the[111] and [110] axes, respec-
on the Md112) surface. The adsorbed Dy atoms possess afVvely. The atomic beam of Dy was obtained from a piece of
appreciable positive electrical charge, and their interactiolysprosium metal spot-welded to a tantalum ribbon serving
with one another is of complex nature, including both dipole-as @ heater. Auger electron spectroscopy was used to check
dipole and substrate-mediated interactions. The energy dhe cleanliness of the substrate and the adsorbate. The cov-
such interactions can reach 10-10 leV for nearest eraged was determined from the deposition time and work
neighbors, so the adsorbed films are usually ordered belofnction measurements, which were calibrated by means of
T=100-1000 K?>® Owing to the considerable dipole mo- LEED in the coverage rangé=0.68—0.75. This range is
ment associated with the adsorption bdatiove 1 D at low  specific for the existence of a single-phase incommensurate
Dy coveragg, the adsorbate strongly reduces the work func-structure undergoing uniaxial compression and therefore is
tion of the surface. The work function and structure ofnot likely to contain other phases which might be overlooked
Dy/Mo overlayers have been studied earfieut the by LEED.
annealing-driven structural transitions and work function At annealing temperatures beldly=350-600K, a set
changes were not revealed. Specifically, tiig@x 2) lattice  of ordered overlayer structures is found with increasing cov-
was reported to exist up t6=0.5, which is followed by erage from#=0.07, until the formation of a close-packed
uniaxially compressed lattices at-0.5 in the submonolayer physical monolayer a#=0.77. These structures in their ma-
coverage range. The coverage is defined as the ratio of agbrity are different from those reported in Ref. 4. As
sorbate to substrate surface atom concentrations. We hawe intend to discuss in detail the phase transitions for the
investigated the structure of Dy adlayers both as-deposited &y/Mo(112) system in a separate paper, we will not present
a low temperature =100 K) and successively annealed in here the whole series of ordered film structures observed in
the range 100 K T,<1200K, with recording of the result- this work but will focus on the annealing-driven irreversible
ing structures at the low temperature. The rate of temperaturerder-disorder transition.

decrease after each annealing step did not exedeH/s. In In general, the periodicity of an ordered film structure
such experiments, we have found a strong effect of annealindiffers from that of a substrate. Therefore LEED usually re-
on the character of the order. veals an order in the adsorbed overlayer via efftectional-
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FIG. 3. Annealing-driven changes in intensity of fractional-order LEED
beams specific to the structures observed at different Dy coverages. The
beam intensity after annealing is always measurefi=a100 K.

c d

FIG. 1. Low-energy electron diffraction patterns from Dy/{ib2 overlay-  coverage. As a measure of the degree of order we use the
ers. The pattern from the clean substrédeis presented for a reference, peak intensity of LEED. Abové> 0.6, the annealing results
with th? principal axes indicated. Coverag'.aonma}'er}; 0 @: 0.25 (), in a usual effect of improvement of the order. This is illus-
0.68(c); 0.45(d). Annealing temperature, K: 20®); 800 (c, d). Electron > . . -
energy, eV: 67a,b: 55 (c,d). trated in Fig. 3 ford=0.68: the fractional-order beam inten-
sity gradually increases and then levels off. The relevant
LEED pattern from the eventually annealed overlayer is
ordey diffraction beams which are absent in the cases of &npown in Fig. 1c. The steady growth of the order, starting
clean substrate or a disordered adsorbed layer. For examplggm the lowest annealing temperature, is indicative of con-
Fig. 1b shows a LEED pattern from an ordered<(B) Dy  sjderable mobility of adatoms already at 100 K. Designating
overlayer which is observed in the coverage ran@e asT_ . a certain minimum temperature at which adatoms
=0.07-0.3. The pattern differs from that of the clean sub-can move over neighboring adsorption sites during the time
strate(Fig. 13 by the presence of five extra beams betweensf an experiment, we conclude thf,, is <100 K. Accord-
the integer-order beams along tf11] direction. Figure 2 ing to this designatioril ., can be expressed in terms of the
shows a possible model of the X@) structure which is parameters of surface diffusion &gy~ E4/30kg , whereEy
consistent with the LEED pattern and the coverage value. lis the activation energy ankiz is Boltzmann’s constarft®
should be mentioned that the X@) structure is one of those Besides promoting adatom mobility, an increase of tempera-
transforming into a glassy phase in the progress of annealingure can also cause an order—disorder transition if the tem-
Patterns with fractional-order LEED spots are indeed obperature reaches some critical vallig specified by the in-
served in the whole submonolayer coverage range at the loveraction energy of adatons; as T,~E;/kg (see Ref. &
annealing temperatures mentioned above. A full list of theOrdering is realized within the time of an experiment
ordered structures found will be given in the diagram of an{10-1G s) if
nealed states presented below. _

An increase of the annealing temperature exerts a differ- Tmop=Te, OF Bq=<<30 Ei; @)
ent effect on the order in Dy adfilms depending on theirotherwise, upon the cooling that follows each annealing step,
a frozen disorder is observed instead of order. The overlayer
under consideration 4=0.68) is apparently what results
when inequality(1) is fulfilled. It should be noted that the

w lattice retains its original symmetry under annealing only in a

o o narrow coverage range close #=0.68. The denser films
.(‘.'..( . (from #=0.68 up to the close-packed monolayer @t
& M 4% =0.77) are metastable and undergo irreversible transitions to
.“.(‘ 5 ". the more stable ordered structures. In this case, LEED
records the replacing of one pattern of superstructure spots
by another.

For the coverages 0.8760<0.58 the annealing results in
an unusual effect: first only a limited improvement of the
order occurs, which is followed by decay of the previous
order without transition to any other ordered phase. This pe-
culiarity is illustrated qualitatively by an irreversible disap-
FIG. 2. A hypothetical hard-sphere model for an ordered dysprosium overpearance of the fractional-order LEED features in pat(d)rn

layer (6X 1) corresponding t@= 0.3. The unfilled circles show the topmost ; ot ; ; ;
substrate layer, and the gray disks show the adsorbate layer, with heavi((a)rf Fig. 1 and quantltatlvely by intensity curves with local

darkness corresponding to greater vertical depth. The principal axes af&@xima followed by virtual fading of ihtenSit§§ee Fig. 3.
indicated. At low temperaturesT,<200-400 K), inequality1l) seems
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FIG. 4. Diagram of annealing-driven changes in structure of Dy overlayer
on Mo(112. DO: disordered phase; 2D glass: two-dimensional glass
(shaded arear (n,,x2) ands(n,,x1): rectangulafdiatomio and skew- Coverage, monolayers

angle(primitive) structures, respectively, having lattice spacing varying with

6 2nd L: second layer; multi-L: multilayer structure. The other notations of FIG. 5. Coverage dependence of the work function changes obtained after
ordered structures are conventional. The arrows show the coverages @w- (T,<<350-600 K) and higher-temperature annealing.

which the specified structures form.

annealing-driven change of adatom mobility, which becomes
to be valid. However, at a later stage, annealing evidentlynsufficient to ensure equilibration. Direct experimental in-
causes an irreversible change in the overlayer propertiegestigations of surface diffusion show evidence that the mo-
(such as the diffusion parameters and adatom interaction ekility of Dy atoms adsorbed on M&12) in the given cover-
ergy), so that inequality1) reverses its sign: age range and subjected to high-temperature annealing is
P @ indeed low? The diffusivity equals 10°—10"8nné/s atT
mob™ “c- =700-800K. It is lower by two order of magnitude than
The irreversible transitions are summarized in Fig. 4,that, e.g., for strontium films adsorbed on the same substrate
which shows a wide areéshaded and designated as 2D at comparable coverag&3An estimate of the time necessary
glasg of annealing temperature in the submonolayer coverfor diffusion over the path of an inter-adatom distance, which
age range at which the overlayer loses an extended ordeas obtained by extrapolation of the diffusivity data to the
The notations of the all ordered structures found are alstemperature range optimal for the ordering of metastable
listed in Fig. 4. Though Fig. 4 resembles a phase diagranmphasesyT,=200—-300K, gives 10-10°s. This value is ap-
that is not the case: here the overlayer state is presented aparently distinct from the much shorter diffusion time pro-
standard temperature of 100 K, contrary to a phase diagramijding rapid equilibration of metastable phases at low tem-
which shows the state at a current temperature. peratures. Hence this fact corroborates our suggestion about
To prove that the effect of high-temperature annealinghe dramatic drop of adatom mobility in the range
on LEED patterns at low coverage is not a trivial result of =0.07—-0.58 upon high-temperature annealing. The low-
the removal of Dy adatoms from the surface, the work functemperature ordering of Dy phases such as 1§ described
tion changes caused by annealing were monitored. The coabove is not the only significative fact. Precovering of the
erage dependences of these changes taken after [Byv- (Mo(112) surface with a dilute Dy film ¢~0.1), with its
<350-600K) and higher-temperature annealing are presubsequent high-temperature annealing, strongly suppresses
sented in Fig. 5. It is seen that at no value of the coveragéhe Sr and Li overlayer ordering, whereas without high-
does high-temperature annealing return the work function téemperature annealing, the same Dy dope to the Sr or Li
its value specific for the clean surface. overlayer even improves the ordering process, indicating a
One of possible interpretations of the described annealigh adatom mobility.
ing irregularity might be a transition to another more stable  We suggest that the origin of the hindering of the adatom
phase which is characterized by too low a disordering temmobility by high-temperature annealing may consist in
perature, unavailable in our experiment, so tha},,<T.  adsorption-induced surface reconstruction. The M8g) sur-
<100K. However, the quite small variation of the work face is close-packed in the direction along the chanfssle
function (and thereby of the adatom dipole momeditie to  Fig. 2). However, adsorption followed by high-temperature
high-temperature annealing indicates that no essential weaknnealing can induce a reconstruction of its topmost layer
ening of at least dipole-dipole adatom interactions happensnto some loose-packed structure, and the ordering is known
Therefore, taking into account the rather wide coverageo advance very slowly on the rough surfaéeghe rough-
range in which the order is lost, we consider that even thisiess of the reconstructed surface means that adatoms are
interaction only can provide a sufficiently high at medium  mixed with surface substrate atoms, and one actually obtains
coverages where the inter-adatom distances become vegykind of two-dimensional alloy. For example, such a carbon-
short. induced reconstruction to a rough “checkerboard” structure
Though some decrease ®f should not be ruled out, is detected for M@12 both by LEED and STM
especially at low coverages, another possibility seems to beechniques! Contrary to this, the mobility of Dy adatoms on
more realistic: a poor order can be explained by arthe original(non-reconstructedsurface M@112) seems to be
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high enough to provide some ordering for all coverages everandom value of the interaction energy between neighboring
at temperatures as low as 100 K. Some suggestion conceradatoms. Besides poor mobility, this is a fundamental prop-
ing the mechanism of formation of a rough surface can beerty of an amorphous state.

deduced from data on the work function changég. 5). Up It is worth noting that a low-coverage glassy overlayer
to at least 0.5 monolayer, the curves corresponding to lowef Dy and other similar adatoms which possess an appre-
temperature and high-temperature anneals are seen to raiable magnetic moment may exhibit properties of ultrathin
almost in parallel, as if 5 to 10% of the adsorbate monolayefactually two-dimensionalamorphous magnetic materials.

is no longer contributing to the work function change after

the high-temperature anneal. It seems that approximately thisoncLusion

amount of dysprosium must have “reacted” with the surface

during high-temperature annealifas a random processo To conclude, we have found a set of metastable ordered
that this fraction is leveled down from the position of an States in two-dimensional Dy overlayers deposited onto

adatom, protruding into the vacuum, to a position within theMO0(112) at low temperatures. Upon high-temperature an-

two-dimensional alloy incorporated in the surface substrat@€2ling, they are irreversibly replaced by stable ordered
layer. The result is that it makes little contribution to the Structures at high coverages and by a glassy state at low and

surface potential barrier. This reaction obviously happens aiMedium coverages. _ _

ready with the first few percent of the monolayer, and after _SuPport of this work by the Basic Research Foundation

completion of the surface reactigfimited presumably by of the Ministry of Ukrame fpr Education and Science and by

buildup of surface stress due to incorporation of Dy into thelh® Volkswagen-Stiftung is gratefully acknowledged. We

Mo layen, nothing more happens. Since the surface now hal1nk I. Yakovkin for a critical reading of the paper.

a random and rougher corrugation, Dy adsorbed on top of

this two-dimensional alloy cannot order at low coverage.*E-mail: fedorus@iop.kiev.ua

However, at high coverage®$ 0.58) the situation seems to I*Deceas_?d _

differ due to domination of direct lateral interactions of ada- = " PMuer@fkp.uni-hannover.de

toms, which are strong at short inter-adatom distances and————

switch on a mor-e intense driving force (-)f ordering. 1J. M. Ziman,Models of DisorderCambridge Univ. Press, Lond¢h979.
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