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Besides the “intrinsic” colossal magnetoresistance effect observed in single crystals, the
polycrystalline manganate compounds also exhibit an “extrinsic” magnetoresistance related to the
presence of grain boundaries. We report electrical transport and magnetic measurements carried out
on a bigrain sample extracted from a floating zone method-grown rod of calcium doped lanthanum
manganate. Electrical resistance was measured both within a grain and across the grain boundary,
between 20 and 300 K and from 0 to 8 T. Magnetoresistance values up to 99% are reached within
the grain. The temperature dependence of the resistance across the grain boundary displays a
“foot-like” feature towards the bottom of the transition. Low field and high field magnetoresistance
effects are examined. We compare our results for a “bulk” grain boundary to those obtained by
other authors for bicrystal thin films and bulk polycrystalline materials.2@1 American Institute

of Physics. [DOI: 10.1063/1.1410885

I. INTRODUCTION Beside those intrinsic parameters, it turns out that the
microstructure of the material can have a strong influence on
The Lm_,AMnO;. 4 family (where Ln is a large lan- the physical properties, as proved by comparative studies of
thanide and A generally an alkaline-eartias extensively thin films, bulk ceramics, and single crystaS.On one
studied during the early 1998sThese perovskites had al- hand, the magnetoresistance of single crystals and epitaxial
ready been characterized in the 1958$ut the interest was  thin films is quite large but concentrated within a tempera-
renewed by the discovery of colossal magnetoresistancgire range around the transition temperatiie. On the
(CMR)* properties in some of these materials: the electricabther hand, polycrystalline materials, either bulk ceramics or
resistance drastically decreases by application of a magnetiin films, display a significant magnetoresistance at low
field. The magnetoresistance is defined & <Ru)/Ro,  fields and all temperature beldly. . Due to the small size of
where Ry and R, denote the resistance with and without the grains usually found in bulk polycrystalline materials, it
magnetic field, respectively. is generally impossible to isolate the behavior of grain
These compounds crystallize in the perovskite structurgoundaries. Therefore the physical properties are frequently
ABO;, where the A site is defined by eight corner-sharingreported as a function of the grain size which can be tuned by
BOs octahedra. The ideal structure is easily distorted in ordemodifying the synthesis conditiod:2Most of the system-
to accommodate cations of different sizes. The LnMp@-  atic investigations devoted to individual grain boundaries
ent compounds can be doped either on the lanthanide or Qfhve thus been carried out in thin films. By growing epitaxial
the manganese sites, yielding extended solid solufi@sly  thin films on bicrystal substratéd;*® well-controlled grain
a few compounds display CMR properties. The simple phepoundaries can be obtained. For example, Exestid 2 have
nomenological model of double excharfgshich qualita-  gyydied films patterned in such a way that only the contribu-
tively explains the CMR phenomenon, turned out to be Untion of the grain boundary to the resistance is measured. But
able to account for the amazing diversity of behaviors thagthough thin films studies allow for an efficient control of
can be observed throughout that family. Many parameterge grain boundary misorientation, it is not clear whether the
appear to influence the physical properties of those materialgoyndaries in films and those in bulk materials should be-
The two most meaningful ones are the MAMn®” ratio  have in a similar manner. In addition, the film substrate is
(= the charge carrier densjtynd the local crystallographic jiely 1o influence the electrical properties by introducing
structure of the Mn—O networkwhich influences the orbital crystallographic  strains which are expected to be

overlapping between adjacent manganese)ions modulated®2in the vicinity of the interface.

Therefore in this article, we report electrical and mag-
dElectronic mail: rcloots@ulg.ac.be netic measurements carried out on a single grain boundary of
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a bulk CMR material. This allows us to bring out the genuine
boundary behavior without any substrate effects. We will
contrast the properties of such a boundary with those found
in bicrystal thin films and polycrystalline materials. More-
over, we show how large a change in resistivity can be in
such materials.

Il. EXPERIMENT
A. Synthesis process

A 30-mm long 4-mm diameter cylindrical rod consisting
of large (~1 mn?) calcium-doped lanthanum manganate
(LCMO) grains was grown by the floating zone method.
La,O;, CaCQ, and MnG of high purity were used as start-
ing materials. Hygroscopic L&; was calcined for dehydra-
g?gpgfé?jri;fﬁe Z?al_?’/]((;g_lﬁas”:)rl]z l;fﬂ??’;ﬂ:c(aésoyrvﬁeerqvl\j’:ﬁty CE)I(? . 1. Optical micrography with polarized light: transversal section in the
the material was checked by x-ray diffraction. A feed rod
was then pressed isostatically at about 1800 bar and sintered
at 1300 °C. The pressing—sintering cycle was repeated sev-
eral times in order to achieve a high density of the feed rodgood agreement with the experimental value of qg7de-

The rod was grown in a NEC image furnace under flowingtermined by measuring the saturation magnetizatiorT at

0O, at a crystallization rate of about 2 mm/h. Ttmolycrys- =50K anduoH=5T.

talline) seed rod and the feed rod were rotated in opposite

directions in order to homogenize the molten zone. No sub-

sequent annealing was cgrried qut. Sectioqs were cut_ frog. Physical measurements

both ends of the rod, put into resin, and polished for micro-

structural analysis. Optical microscopy with polarized light ~ Very small electrical contacts were achieved by attach-
(Olympus AH3-UMA) revealed the polycrystalline nature of ing thin gold wires(33 um diametey to the samples using
the rod. However, the far end of the rod is made up of onlyPuPont 6838 silver epoxy paste annealed in flowindd 5

a few grains. Energy dispersive x-rggDX) analysis(Ox- ~ Min. In samples containing grain boundaries, voltage con-
ford Link Pentafe):did not show any Secondary phase_ How- tacts were placed both within the grain and across the well-
ever, the chemical composition was found to vary slightlydefined grain boundary, as sketched in Fig. 2. Resistance and
along the rod longitudinal axis. This was expected because dpagnetoresistance measurements were carried out using the
the manganese Vaporization during the growth and the |0W0nventi0nal fOUr-pOint teChnique. The data were acquired as
value of the calcium distribution coefficient between solid@ function of magnetic field and temperature using a Quan-
and liquid phase$: On the contrary, the chemical composi- tum Design PPMS. Before each measuring sequence the
tion throughout a transversal section of the rod was found té€mnant field of the superconducting magnet was eliminated
be homogeneous within the uncertainty of the EDX methodby the standard practice of applying a succession of decreas-

A 0.5-mm th|ck S”ce Of the far end Of the rod was cut |ng f|e|ds in alternate directions. For a.” measurements diS'
and both faces were polished. Optical micrographies in pocussed below the influence of increasing and decreasing tem-
larized light of both facegFig. 1) showed the presence of Peratures was examined, but no hysteresis was noticed
only three large grains. Bar-shaped samples of typical siz&ithin the temperature measurement accuré@yl K). dc
0.15x0.8x0.8mn? were carefully excised from the rod magnetization measurements at several temperatures were
Samp|e using a wire saw. Each Specimen contained either(@.rried out. Three Samples were characterized in order to
Sing]e grain or two adjacent grains with the boundary ap_Conﬁrm the reprOdUCibi“ty of the results. Apart from some
proximately perpendicular to the length of the bar. The grairminor variations ofT¢, all general electrical characteristics
boundary structure was visible on the largest faces of the ba¥ere the same. Therefore the following discussion concen-
after polishing. trates on the behavior of one of those samples.

From EDX analysis, the cationic composition of the
measured samples turned out to bg £a ,Mny O, . The
knowledge of the densitymeasured by the Archimedes’

method and the cell volumérefined from XRD data in the _»_@—Sﬁ <§\ “\ 1
Pbnmspace group, with theuLLPROF software enabled us

to calculate the molar mass. The oxygen content could thus | | \

be estimated, yielding a chemical composition close to Grainv?)rta—ge &Mmdmy voltage
Lag 7dCa 2JIMng g0, 94 The theoretical number of Bohr mag-

netons estimated for such a chemical content (g20is in FIG. 2. Sketch of the electrical contacts.
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6 12 Next, we turn to the low-temperature regimeé<(T.).

As can be seen from the inset of Fig. 3, the resistance across
the boundary is at least two orders of magnitude higher than
the grain resistance itself. More precisely, the low-
temperature dependence of the resistance across the grain
boundary can be viewed as a large bump superimposed to the
main peak characteristic of the grain transition. Therefore it
would be tempting to perform a numerical deconvolution
and use the grain data for extracting the temperature depen-
T erde e grain dence of the boundary contribution to the resistance. At-
— — across the grain boundary tempts to do so did not give satisfactory results becdi)se

0 50 100 150 200 250 300 350 the transition temperatures are slightly different, gindthe

T(K) system is expected to be more complicated than resistances

FIG. 3. Temperature dependence of the resistance inside the grain ar%aCEd in series, i.e., the current may flow across the bound-

across the grain boundary. Inset: same data with logarithmic scale for th@y throth Some_ percolgtion paths corresponding to the best
resistance. coupled neighboring regiorf8 Nevertheless, at temperatures

just belowT (i.e., 160 K< T<180K), the boundary is seen

to be far more resistive than the grain. We can thus consider
the bump in the measured resistance to be due exclusively to
the boundary and, within a reasonable accuracy, estimate the
A. Electrical resistance in zero field value of the so-called specific boundary resistivity-d,
hered is the distance between the voltage contacts. In this

(&)}
.

-y

w

N

R inside the grain (Q)

-

o

R across the grain boundary (Q))

-1

Ill. RESULTS AND DISCUSSION

Figure 3 displays a recording of the electrical resistance" . 3 . .
versus temperature curves measured within a grain an mperature range we fings-d~10""Q e’ This value is

across the grain boundary, respectively. In the inset, the sany milar to those determined on an artificial grain boundary

data are plotted on a logarithmic scale. The resistive transi> tained by growing an epitaxial thin f||m on a bicrystal
ubstrate for a similar compouRdin comparing the behav-

tion of the grain is observed to be very sharp, without any_S o :

intermediate step. The resistance drop is greater than tw) ro(l; t?m(j!lmis ang _bull;_bogn_da:lhes, thi gn;{suzl fe?tture (,),f

orders of magnitude. On the other hand, the resistance acro o data displayed in F1g. o 1S the well-defined "platea
elow T¢. In polycrystalline pellets or films, a rather large

the grain boundary decreases sharply at the transition te - . . .
9 y Py broadening of the resistance peak is generally observed in-

perature before levelling off to form a “foot-like” structure . . o
towards the bottom of the transition at lower temperature.sftead of a shouldéf. This can be explained by the distribu-

fion of transition temperature resulting from a large number

The strong initial decrease is caused by the grain so-calle liahtly diff i ins togeth ith ety of .
metal—insulator transition whereas the broader feature can J slightly drtierent grains together with a variety ot grain
oundaries. In our case, the presence of the shoulder in the

clearly attributed to the existence of the grain boundary. . . ) . :

Before discussing these results, it is worth emphasizin%es'Stance curve is clearly the signature of the single grain
that the striking difference in the resistivity behavior inside oundary.
the grain and across the grain boundary do confamoste-
riori, that no unseen grain boundary is present in our claime
“grain.” It can also be noticed that the transition tempera-
tures, defined as the position of the maxima in R@r) The influence of applied magnetic fields ranging from
curves, are slightly different for the data measured within theéd.5 to 8 T on the electrical resistance was investigated. As
single grain and across the grain boundér98.7 and 196.0 usual in those materials, the resistance peaks are shifted to-
K, respectively. This small T difference is likely to be wards higher temperatures with increasing magnetic field.
related to the individual properties of the two grains since arhe same featurénot shown herewas observed. Figure 4
very little difference in the chemical composition of the two shows the magnetoresistang&(B) —R(B=0)]/R(B=0)
grains (not detected during the chemical characterizationwithin the grain as a function of temperature. The magne-
cannot be ruled out. toresistance within the grain is concentrated around the tran-

We will first deal with the high-temperature regime Sition temperature, where it reaches the remarkable peak val-
(230—-300 K. In that temperature range both curves can bales of 98.3% under 1 T, corresponding to a two orders of
well fitted by a classical activation energy law: magnitude decrease in resistance. Since the magnetoresis-

tance cannot exceed 100%, the magnetoresistive response
Eo inevitably saturate$MR under 8 =99.3%). However, the
P~ P exF{ﬁ temperature range of the CMR effect increases with increas-
ing magnetic field.

The values for the gaR, obtained by fitting the experimen- The magnetoresistance across the grain boundary is
tal data are 0.096 and 0.103 eV for the resistance within thehown in Fig. 5. The magnetoresistance at the main peak
grain and across the grain boundary, respectively, in veryeaches only 74.3% under 1 (fo be compared to 98.3%
good agreement with the typical value of 0.1 eV reported byinside the graip Larger fields are necessary to achieve very
other authors. high CMR values(96.2% under 8 T. The presence of the

%. Temperature dependence of the magnetoresistance
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FIG. 4. Temperature dependence of the magnetoresistdfRginside the 0.8
grain for magnetic fields as indicated.
£08
. . . . g o 220K
grain boundary appears to require much higher fields than 1 ~¢.7 | /' —v- ?ggﬁ
T for the “saturation magnetoresistance” to be obtained. Be- ’,v’ e 180K
sides, the magnetoresistance across the grain boundary dis- g6 | —a— 100K
plays two additional featuregi) a bump corresponding to —— 50K
the shoulder in the resistance curve diigla nonvanishing 0.5 -
low-temperature magnetoresistance. Since these peculiarities -1.0 -0.8 -06 -04 -02 00 02 04 06 08 1.0
are not visible for the grain, they are thus related to the HoH

presence of the grain_boundary' The ma_gnetpreSiStance at tb%. 6. Field dependence of the resistariag within the grain and(b)
bump reaches very high values under high fields: 85.8% unacross the grain boundary.
der 8 T. However, the magnetoresistance under 1 T is only

25.2%: although the grain boundary magnetoresistance is i )
generally considered to be a low-field effect, here the highpendence of the resistance across the grain boundary at and
field component is highly significant. above 200 K. However, at 200 K the field dependence

is weaker than within the grain because the gain boundary
remains insulating. The grain resistance versus field curves
display a parabolic behavior arouii@ . Since we measured
Figure 6 shows the field dependence of the resistanceboth the resistance and the magnetic moméFg. 7)

(=1T<ugH<1T) measured at several fixed temperaturesas a function of the applied field, we could apply the
below and abové .. First we examine the grain behavior scaling expression given by Inoue and Maek#wa
[Fig. 6(@)]. As expected, a magnetoresistance is only ob-
served near the transition temperature. The magnetic field

C. R(H) curves at several temperatures

X . 0.25
promotes ferromagnetic order by compensating the thermal
disorder: the resistivity is drastically reduced, yielding the
CMR effect. The same mechanism accounts for the field de-
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FIG. 7. Field dependence of the bigrain magnetic moment. Inset: Field
FIG. 5. Temperature dependence of the magnetoresistdiReacross the  dependence of the resistance across the grain boundary betvie&rand
grain boundary for magnetic fields as indicated. 06T
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p=pol1—C(M/Mg)?}, whereMg is the saturation magne- The high field magnetoresistive effect takes place at
tization. Theoretically this model is valid only near the tran-fields where the grain magnetization is already saturated. The
sition temperature, when the interactions between spins af@igh field allows the spins in the grain boundary to align,
still weak. This is indeed what we observe, as could be eximproving the conductivity of the material but without no-
pected from the parabola-like behaviors of the field depenticeable effect on the overall magnetization. Since the spin
dences of the resistance near the transition temperature. \Wsorder decreases as the temperature decreases, the HFMR
correlate the resistance data inside the grain with the overa@iffect weakens when the temperature is reduced. Indeed the
magnetization which is more representative of the propertyplope of the resistance versus magnetic field curve abidve
of the major volume fraction. This fit yields @ value of ~decreases with decreasing temperature. The especially large
about 4.5, in good agreement with the value of AktherHFMR effect at 160 and 180 K can be explained by the fact
Hossainet all* for polycrystalline Lg/Ca,MnO; pellets  that those temperatures coincide with the transition of the
(C=4.6). This value is noticeably higher than those calcu-9rain boundary material, where the application of a magnetic
lated by FukurawZ for the La_,SrMnO; system. This is field is particularly efﬁqent. The LFMR and HFMR effects
not surprising, because the coeffici€his related to the ratio 2PPear to have opposite temperature dependences.
J/W (where J is the Hund coupling andV the electronic It is of interest to compare the above results to those
bandwidth and W is smaller in the La_,CaMnO; system obtalqed in thln films smglg bogndgnes and polycrygtallme
than in the La_,SrMnOs system. materials, WhICh bomf’ﬂ‘,'};‘}? klnk_ln t_he ma_gnetore&stance
Next we examine the field dependence of the resistanc@t SOMe gye_n fieldH™. In thin films single b?“”d’
measured across the grain bound@ig. &b)]. The magne- aries, theH™ field roughly corresponds to the coercive field

: . . PPN
toresistance across the grain boundary does not vanish O{ the adjacent grainS,whereas in ceramics{* is linked to

lower temperatures, unlike the grain behavior. Above theﬁ‘“a saturation field, as it is the case for the single bound

.. o o aries in bulk materials presented in this article. Therefore the
transition temperature~200 K) the behavior is very similar P

: . : single boundaries in bulk materials and thin films do not
t(.) th.&.lt of th‘.a grain, while foff < 180 K the data display a behave in a similar manner. This is confirmed by examining
significant kink: the magnetoresistive response can be d

the hysteresis of thR(H) curves: in thin films single bound-
vided in two contributions, the low-field magnetoresistance, y (H) J

U , aries, the hysteresis only concerns the LFRM& while in

(LFMR) and the h'gh'f'e,ld magnetoresistaré¢MR). The . our case a very small hysteresis, 20 mT, can be observed
more pronqunced reS|§tance drop appears at low f'elﬂwroughout the whole magnetic field range and temperature
(LFMR), while the slope is smaller at higher fieldtsFMR). investigated.
With decreasing temperature, the LFMR effect increases, the
HFMR slope decreases, and the field separating both regim
(hereafter denoted bi*) increasegFig. 7 inse}. This H* V. CONCLUSION
field turns out to correspond to the saturation field of the =~ We have examined the electrical transport and magnetic
bigrain, as determined by magnetic moment versus fieldroperties of a bigrain sample extracted from a rod grown by
measurementgFig. 7). the floating zone method. Resistance measurements carried

We will first deal with the low field magnetoresistance. out both within a grain and across the grain boundary show
Although it is now generally accepted that LFMR is a grainthat the grain boundary has a strong influence on the trans-
boundary-related feature, the underlying physical mechaPort properties. A foot-like feature can be observed towards
nisms are still under debate. In a recent paper, Gupta arige bottom qf the trqnsition. Besides, the r_esidual_low tem-
Surf® review the three main models: the spin-polarized tunPerature resistance is two orders of magnitude higher than
neling (SPT) of charge carrierd the spin-dependent scatter- Within the grain. .
ing of polarized electron®?° and the mesoscopic model of A huge magnetoresistance effeicp to 99% was ob-
Evetts et al'® This latter model supposes that the grair‘served.|n5|de Fhe grain. On the other hand, it tu.rns out(that
boundary region is polarized by adjacent magnetically soft/®"Y high gram-boundary-related magnet_oress_';ance _values
grains and seems to be appropriate in our case, since t n be achieved under high magnetic field digi grain

. boundary magnetoresistance is not only a low-field effect.
temperature dependence ldf suggests that the saturation )
field H* is directly related to the demagnetizing field. As the LFMR and HFMR effects have been studied at several

s . temperatures. These behaviors have been analyzed within the
applied field is increased from zerolt*, the ferromagnetic . . : .
framework of existing phenomenological models, in particu-

domains become progressively aligned and finally the bullfar Evetts’ mesoscopic model

magnetization reaches the saturation value. This phenom- Finally our results for a single grain boundary in a bulk

enon can be at the origin of a grain boundary-related Ma% aterial have been compared to results for bicrystal thin
netoresistance. Indeed, as a charge carrier crosses the gr.

fllths and polycrystalline materials. Noticeable differences
boundary, it undergoes a local change of the potential. If bo“ﬂave beenppo¥ntgd out

grains are ferromagnetically aligned, the resulting magneti-
zation creates an additional local magnetic field that pro-
motes the order in the grain boundary and reduces the dil‘feﬁcKNOWLEDGMENTS

ence in potential encountered by the charge carrier. This B. V. and Ph. V. thank F. N. R. $Fonds National de la
mechanism is more efficient when the temperature is deRecherche Scientifique—Belgiynfor research grants. Part
creased, since the saturation magnetization is higher. of this work was carried out in the framework of the OXide

Downloaded 04 Sep 2003 to 139.165.210.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 11, 1 December 2001 Vertruyen et al. 5697

Spin Electronics NetworkOXSEN) supported by the TMR K. Steenbeck, T. Eick, K. Kirsch, K. O’Donnel, and E. Steinbeil3, Appl.
program of the European Union. B. V. would like to express Phys. Lett.71, 968(1997.

for kindly welcoming her at the Laboratoire de Physico- 17Phys' Lett.73, 2506(1998.

Chimie de I'Etat Solide. N. D. Mathur,. G. Burnell, S. P. Isaac, T. J. Jackson, B. S..Teo, J. L.
MacManus-Driscoll, L. F. Cohen, J. E. Evetts, and M. G. Blamire, Nature
(London 387, 266 (1997).

1J. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phy48, 167 (1999. 183, E. Evetts, M. G. Blamire, N. D. Mathur, S. P. Isaac, B. S. Teo, L. F.

2E. O. Wollan and W. C. Koehler, Phys. R&00, 545 (1955.

- Cohen, and J. L. MacManus-Driscoll, Philos. Trans. R. Soc. London, Ser.
3G. H. Jonker and J. H. Van Santen, Physid4 , 337 (1950. A 356 1593(1998

2 . - .

S. Jin, T. H. _Tlefel, M. McCormack, R. A. Fastnacht, R. Ramesh, and L.ng_ A. Soh, G. Aeppli, N. D. Mathur, and M. G. Blamire, Phys. ReV68

H. Chen, Scienc@64, 413(1994. 020407R) (200
5C. N. R. Rao, A. K. Cheetham, and R. Manesh, Chem. M&ep421 20 2R) ( D. .

(1996. K. A. Thomas, P. S. I. P. N. de Silva, L. F. Cohen, A. K. M. Akther
6C. Zener, Phys. Re2, 403 (195)). Hossain, M. Rajeswari, T. Venkatesan, R. Hiskes, and J. L. MacManus-

7C. S. Hong, W. S. Kim, E. O. Chi, K. W. Lee, and N. H. Hur, Chem. Driscoll, J. Appl. Phys84, 3939(1998.
Mater. 12, 3509 (2000. 21D, Shulyatev, S. Karabashev, A. Arsenov, and Y. Mukovskii, J. Cryst.
8M. Sahana, M. S. Hegde, C. Shivakumara, V. Prasad, and S. V. Subraman-Growth 199199, 511(1999.

yam, J. Solid State Chenl48 342(1999. 22pde Andres, M. Garcia-Hernandez, and J. L. Martinez, Phys. Ré@, B
9G. J. Snyder, R. Hiskes, S. DiCarolis, M. R. Beasley, and T. H. Geballe, 7328(1999.

Phys. Rev. B53, 14434(1996. )
L. E. Hueso, F. Rivadulla, R. D. Sanchez, D. Caeiro, C. Jardon, C. fétf.;;aggéy(.lségﬂathur, J. E. Evetts, and M. G. Blamire, Appl. Phys.

\h;azquizégaégf?fé;é Rivas, and M. A. Lopez-Quintela, J. Magn. Magn24J In.oué and S Maékawa Phys. Rev. Lat 3407(1995

ater. 189, ) : : . - Rev. :

1A, K. M. Akther Hossain, L. F. Cohen, F. Damay, A. Berenov, J. ?N. Furukawa, J. Phys. Soc. Jpi¥, 2734(1995.

MacManus-Driscoll, N. McN. Alford, N. D. Mathur, M. G. Blamire, and J. “°A. Gupta and J. Z. Sun, J. Magn. Magn. Ma00, 24 (1999.

E. Evetts, J. Magn. Magn. Matet92, 263 (1999. 2’N. Zhang, W. Ding, and W. Zhong, Phys. Lett.283 113(1999.
12 | Balcells, B. Martinez, F. Sandiumenge, and J. Fontcuberta, J. Magr?®A. Gupta, G. Q. Gong, G. Xiao, P. R. Duncombe, P. Lecoeur, P. Trouil-

Magn. Mater.211, 193 (2000. loud, Y. Y. Wang, V. P. Dravid, and J. Z. Sun, Phys. Re\v58 R15629
SW. Westerburg, F. Martin, S. Friedrich, M. Maier, and G. Jakob, J. Appl. (1996

14Physﬂ.86, 2173(1999. ) 9%, W. Li, A. Gupta, G. Xiao, and G. Q. Gong, Appl. Phys. Létt, 1124
C. Hdfener, J. B. Philipp, J. Klein, L. Alff, A. Marx, B. Bchner, and R. (1997
Gross, Europhys. Letb0, 681 (2000. '

23

Downloaded 04 Sep 2003 to 139.165.210.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



