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Morphology and magnetic properties of submonolayer Gd films
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We report on scanning tunneling microscof®TM) measurements on ultrathin Gd films in the thickness
range 0.5<dgy=10 ML [1 monolayerML)=2.89 A] grown on a Y(0001) buffer layer at substrate tempera-
turesT,=473 K andT,=573 K. The magnetic properties were investigated on these films capped with a 100-A
Y layer with the transverse magneto-optical Kerr effect. A ferromagnetic signal was found down to the sub-ML
regimedgy~0.5 ML for T4=473 K. In this regime, the STM images show a lateral growth of ML thick Gd
islands of hexagonal shape. The depression of the Curie tempeTatdoiows a power lawA T dgg with
an exponenk~1 up todgg~3-5 ML, where\ changes ta. =1.6. This transition is also observed in the same
thickness range for the exponeditof the magnetizatioM. [S0163-182¢08)02306-4

[. INTRODUCTION crystal oriented to a precision of-0.5° as described
elsewheré! In the present study additional surface cleaning
In th_ree—dimensionadBD) .ferromagnets, salient magnetic of the Nb substrate was dorie situ in UHV by several
properties such as the Curie temperature or the spontaneogicles of sputtering with 1.5-keV At ions and subsequent
magnetization and its temperature dependence depend ordynealing'? After each step the result of the cleaning proce-
weakly on structural defects. In thin films however, particu-gyre was controlled by Auger electron spectroscobiS).
larly in ultrathin films down'to the monolayer and Smeo_n,O‘Surface investigations have been donesitu in a separate
layer range, these properties become structurally senSitivecyamper at room temperature with a commercial UHV scan-
Scanning tunneling microscoTM) offers the chance 10 iy tnneling microscope. One of the most important con-
elucidate the interplay between morphology and magnetismyjsions for scanning tunneling microscopy is a well-prepared
in ultrathin films, and considerable progress has beemnneling tip. We used electrochemically etched tungsten
achieved recently in understanding important aspects of th'nﬁps which were cleaneth situ by heating to~1273 K and
X . . 2.5
film magnetism fro_m .STM StUd'e?S'_ L subsequent Af sputtering. This procedure yields a sharp tip
So far, the majority of these investigations have been, iy 4 radius of curvature down to about 30 AfThe STM
done on transition metal films to understand the detailed 'nl'mages were taken in the constant-current mode with the bias

fluence of the film morphology on the establishment of Iong'voltage applied to the sample and the tip grounded.

range ferromagnetic order. Similar studies for rare-earth A 750-A Y (0001 buffer layer was deposited on the
films such as Gd are rather scarce, although there have begp | ~jeaned Nb(110) surface aff,=873 K as described in
S

many studies on the magnetic properties of Gd films. Most 0kt 11 The film thickness was controlled b :
) 6-9 11 y a quartz oscil-
the work has been done on Gd films grown o140, lator monitor calibrated via x-ray diffraction on Gd/Y super-

where a strong influence of the growth conditions on thelattices. All thicknesses mentioned in this paper are nominal

structural and magnetic properties has been reported. Th{ﬁicknesses. The resulting stepped Y surfEgig. 1(a)] fol-

has been further confirmed by a recent STM investigation. lows essentiall .
. . 4 y the morphology of the Nb surface with an
¢ r\]N ehha\{e s_hcl)wn FI’.reV'OUSIV tgé@OO])-gggntgdﬁGdlfllms average terrace width e¢500 A due to the substrate miscut
of high epitaxial quality prepared on ar(0009) buffer layer of ~0.5°. Adatom islands are only found on the largest steps

on top of a NI§110 surface at substrate temperatufigs= T e -
573 K and capped with a 100-A Y film exhibit long-range ;gﬁastl{:)gr?:gﬁia;?ég de|:;f;:|on Is generally sufficient for the

ferromagnetic order down to the monolayer rahbét is : _—
therefore highly desirable to characterize the growth of thesg"glr? er;: ;géarll(qa;tftehvg Stilgz)eg;sg ebéj E:ai Bzgohtfls.gr.\’/e?f?rﬂiesnégam is
f||m§ by STM and relgte the film morphology to the mag- ttributed to oxygen impurities which are adsorbed during
netic properties. In this paper we report on the structur ransfer from the evaporation chamber to the STM chamber
characterization of ultrathin Gd films by STM and the mag-, are segregated from the Nb substrate during evaporttion.
”?“C behavior of these films prepareq at differégcapped bout 5% oxygen impurities on the Y surface are detected
with a 1.OO'A Y layer; namely, the thickness dependence Olvith AES. In some cases we successfully achieved atomic
the Curie temperature and the spontaneous magnetizatiofusqution on the Y surfacfFig. 1(b)] confirming the hex-
Although the magnetic measurements are p(_arformed on égonal symmetry and the epitaxial growth in 19607 di-
Y/Gd/Y sandwich t_he STM results give insight into the mor- rection. At first sight the defect in the upper left corner seems
phology of the buried Gd layer. to be a Y vacancy. However, this is unlikely because of the
high vacancy diffusion at the surface at room temperature.
More likely, this defect is attributed to an oxygen adsorbate
All samples have been prepared by electron-beam evapavhich can be imaged either as an apparent depression or a
ration in ultrahigh vacuunfUHV) on a clean NHL10) single  protrusion depending on the tunneling voltdfe.

Il. EXPERIMENT
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FIG. 1. STM images of the(@ Y(0001) surface (3000 FIG. 2. STM image$1000<1000 &2, I=1-2 nA,U=0.1V) of
X3000 A, 1=1nA, U=0.1V), and(b) the Y(000)) surface with  Gd on Y with (a) dg;=2 A and(b) dg=4 A prepared aff ;=573
atomic resolution (4846 A? |=4.4 nA,U=28 mV). K.

Gd was evaporated at a rate of 0.02 A/sTat473 K or  Where Gd atoms appear “higher.”
T=573 K (with a delay of 10 min after each completed Ato ~ Samples prepared &,=573 K show long-range ferro-
promote surface diffusion and layer-by-layer grotfthAf-  magnetic order only down tdg=3.5 A (nominal coverage
ter the STM studies all samples were covered with a 100-89,=1.2."* STM studies of these sampléSig. 2) reveal that
Y protective layer aff ;=473 K to prevent them from oxida- for Ts=573 K the effective Gd coverage is much smaller
tion in air (exposure time 10—15 mirduring the transfer to than ®,. Here and in the following the coverage is ex-
a “He cryostat. This 100-A layer was sufficient as confirmedPressed in the units of monolaye(siL). For a nominal
by Auger depth profiling on an air-oxidized sample. Thethicknessdgy=2 A [Fig. 2@)] the measured effective cover-
magnetization was measured by means of the magnet@de ©¢+=0.36 (which is also in agreement with the AES
optical Kerr effect in transverse geomettyMOKE) in the ~ data is certainly less than expected from thg =0.69. In
temperature range from 3 to 300 K as described in detaifact, no large continuous Gd regions are found explaining the
elsewheré'” This method is sensitive enough to obtain afact that no long-range ferromagnetism was observed for
sufficiently strong signal even from submonolayer Gd filmsnominal thicknessedgy<3.5 A. It has to be noted that the
capped with Y as shown below. However, our experimentaBpparently highefi.e., brightey Gd patches seen in Fig(&}
setup(polarizer-compensator-sample-analyzer configurationare not situated on top of the Y surface but in fact are em-
did not allow an absolute measurement of the Kerr signalbedded in the uppermost Y layer which was proved by vary-

i.e., magnetization. ing the sample voltag¥. For dgg=4 A we would expect
coverage of the entire surface, but Figh22still shows some
IIl. RESULTS AND DISCUSSION areas of uncovered Y although there is no evidence for Gd

islands with 2-ML thickness. The obvious explanation is that

We first studied the growth of Gd on Y at a substratea substantial fraction of the deposited Gd atoms has diffused
temperaturel ;=573 K for comparison with the previously into the few topmost Y layers during deposition. The strong
published magnetic measurements on films prepared at thdtlution with Y leads to a suppression of ferromagnetism.
Ts. Since both elements grow in the h(001) orientation Figure 3 shows STM images for several samples prepared
with a very small lattice mismatch in the basal planeat the lowerT,=473 K. It is remarkable that these samples
(=0.5% they cannot be distinguished by topology only. show a ferromagnetic transition even down to a half-
However, both elements can be identified in STM due to anonolayer coverag®,=0.52 [dg;=1.5 A, Fig. 3b)], as
strong chemical contrast originating from electronic surfaceshown in Fig. 4 where magnetization curves at 5—7 K ob-
states>'8 Depending on the voltage applied to the sampletained with the t-MOKE are plotted.
the STM images are either dominated by Gd or Y. All im-  Samples withdg,=1.1 A (0,=0.38, average island size
ages in this paper were taken at a voltageUsf+0.1 V. only 5000 A?) do not show any magnetic signal downTo
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FIG. 3. STM images (20002000 A, |=1-2 nA,U=0.1V) FIG. 5. STM image(same parameters as in Fig.f8r dgg=1.5

of Gd on Y prepared af;=473 K with () dgg=1.1 A, (b) dge=1.5 A with an intentional misorientation of 1.5°.
A, (0) dgg=2.3 A, and(d) dgg=2.9 A.

seen(Fig. 4). However, the magnetization curvé$(H) of
=3 K. This latter finding is in nice agreement with the datathis sample do not show any hysteresis, contrary to samples
for T,=573 K where a nominal coverage 6f,=0.69 leads with a higher Gd coverage indicating a coercivityH .~ 10
to a similar average island sizeue to interdiffusion not ~ mT (Fig. 4). This suggests that the signal for the 1.5-A
showing a ferromagnetic signgdf. Fig. 2a)]. Furthermore, sample presumably arises from superparamagnetism of the
we note that folT=473 K the islands are situated on the Y Gd islands as found earlier for 2D-Fe islands grown on CaF
terraces(Fig. 3) compared toT ;=573 K where they are em- ,/Si(111) with an average island size smaller than 3200 A
bedded in the surrounding Y as mentioned ab@feFig. 2). (Ref. 19. However, a coercivityuoH,<5 mT for the 1.5-A

For the 1.5-A sampleT;=473 K) we observe an average sample cannot be excluded because of the small magnetic
Gd-island size(averaged over 20002000 A%) of 12300 signal and poor data resolution. Figure 3 clearly shows that
A2 [Fig. 3(b)]. For this sample, a magnetic signal is clearly Gd accumulates at the terrace steps in the form of stripes, in

addition to forming islands. These stripes are not attributed
I N B 1 T T 1 to oxygen impurities mentioned above but to the evaporated
- . Gd as confirmed by STM spectroscopy and AES
measurement$.

The fact that the stripes are already presentlfge=1.1 A
where no ferromagnetic signal is observed, supports that it
arises from islands exceeding a threshold size. This is further
corroborated by the following experiment. A sample with an
intentional misorientation of 1.5° leads to an average terrace
width of about 50 A only. After evaporation of nominal
1.5-A Gd atT =473 K only stripes of Gd are observégig.

5). These samples do not show a ferromagnetic signal down
to T=3 K as checked by MOKE. Therefore we can firmly
conclude that the ferromagnetic contribution in the MOKE
signal of the 1.5-A Gd film is due to the larger islands seen
in Fig. 3(b). For higher Gd coverages the islands join with
the stripes at terrace edgg&ig. 3(c)] until for dgg=2.9 A

=1 ML the Y surface is nearly completely covered. Perfect
coverage is not achieved due to the onset of Gd growth in the
second layer. From the nearly rectangular shape of our hys-
teresis curves we infer that samples witgs>1.5 A show

no out-of-plane magnetization as predicted for uncovered Gd
films on W(110 with dgq< 8 ML (Ref. 20.

Having discussed the growth of submonolayer Gd films
we now turn to the magnetic properties of these films capped
with a 100-A Y layer. First, the dependence of the Curie

FIG. 4. Hysteresis loops, i.e., magnetizatidnvs applied mag- temperaturel ¢ on film thicknessdgy will be discussed for
netic field uo,H, obtained by MOKE measurements on Gd filifg ( samples prepared at the optimirg=473 K. T was deter-
=473 K) with dgg=1.5 A, 2.3 A, and 2.9 A aT=5-7 K. mined by two methodsfa) The magnetizatiorM (T) was

M(H) (arb. units)
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Nop=1. Applying this relation to 3D-Heisenberg ferromag-
nets leads ta. =1.418. However, theoretically it was shown
that a small uniaxial anisotropy can change the critical expo-
nents of the 3D-Heisenberg system to become Ising4fike.
Similarly, in two dimensions where no long-range ferromag-
netic order can occur in a Heisenberg system, any weak
T uniaxial anisotropy is able to induce a phase transition of
110 130 150 170] Ising charactef®?’
T(K) For thick films withdgg>11 A we find an exponent
. =1.6 corresponding either to the 3D-Ising or the 3D-
Heisenberg model, bearing in mind that the difference be-
tween both models of the value kfis small. This exponent
is in agreement with previous results of samples prepared at
E the higherT,=573 K (Ref. 1)) and with ac-susceptibility

s b dgg=29A

xK™

M (arb. units)

100
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e —
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data of 5-100 ML Gd on \{110, where theTc(dgg) be-
havior was described with the 3D Ising vallién contrast,
\ for thin films withdgg<11 A the exponent changes Xe=1
AN corresponding to the 2D-Ising model. The fact that this
i N change in the exponent was not observed in our previous
study* is probably due to the stronger scatter in Theval-
L — '110 SE—r ues of the earlier films caused by the interdiffusion occurring
dag(A) at Ts=573 K as mentioned above.
Absolute values for th&: reduction with decreasing film
FIG. 6. SuppressioAT¢ of the Curie temperature as a function thickness have been calculated earlier by a generalized
of film thicknessdg,y. Filled circles: experimental datal(=473  mean-field theory for hexagonal Heisenberg ferromagfiets.
K); dashed line: generalized mean-field theory for Heisenberg ferThese results are included in Fig. 6. Other calculations of the
romagnets(Ref. 29. Solid lines illustrateds4® and dgg depen-  apsolute  critical temperatures employing a dea
dence. Inset shows the determinationT@ by eXtrapoIating the approxir‘natioﬁ3 or Monte Carlo Simu|ati0ﬁ§ are valid for
magnetizatiorM (T) measured in a smqll externallfielszlo mT  cubic Ising systems and the predicted valuesTgfd) de-
to M(Tc)=0 for dgg=2.9 A (dashed ling For this sample the hend on various assumptions and boundary conditions. How-
extrapc_>|at|on is nearly identical to a power-law(fitentioned in the ever, our data are superficially compatible with the
texp with §=0.23. calculated T values for d=1 ML [e.g., Tc(1 ML)
, , ~0.5T(») =146 K for Gd as well as with the calculated
measured in a small external fieRB=10 mT and extrapo-  ihickness where the exponent changds-¢ ML=11.6 A
lated toM (T¢) =0. T was taken from the inflection pointin ¢, Gd). 2328
the M(T) curve, above which the magnetization is domi- A transition due to a dimensional crossover from 3D to
nated by the paramagnetic tail caused by the applied fieldbp penavior was already observed for Gd films oi110)
The inset in Fig. 6 shows an exampl(e) T¢ was obtained  for thicknesses between 15 and 5 ML in the critical exponent
with the Arrott-plot method wherd¢ is given by the tem- ., of the magnetic susceptibilif/for Ni on W(110) between

perature at which th#12 vs H/M plot intersects the origi®t 7 and 5 ML in the exponent (Ref. 30, and for Ni films on
The values obtained by the two methods are in good agreesy at 7-12 ML in the critical exponen{3 of the

ment, for instanceT-=281+3 K, 250+3 K, 157+5 K magnetizatiori*
compared tal -=279.5-0.5 K, 248.5-0.5 K, 155+ 1 K for In order to further investigate a possible dimensional
deg=26, 11, and 2.9 A, respectively. The error in the deter-crossover we determined the critical expongnif the mag-
mination of T¢ increases with decreasing film thickness netization. This is often done by using a method first dem-
mainly due to the increasing scatter of the data, i.e., decreasnstrated by Dir et al,*> where T is determined by maxi-
ing magnetic signalATc=Tc(*) —Tc(dgy) is shown inthe  mizing the range of log(+ T/T¢) over which the data in a
main frame of Fig. 6, withT () =292.5 for Gd® The error  logM vs log(1-T/Tc) plot represent a straight line with
in the T determination corresponds to the symbol size in theslope 8. For the present data this method is somewhat arbi-
log-log plot. trary concerning the choice of and the fitting range
Theoretically, the thickness dependence of the Curie temeaused by the scatter of the data. This is due to the paramag-
peratureT(dgy is expected to obey a power law due to netic tail and the small MOKE signal from the buried mag-
finite-size effect$224 netic layer. Alternatively, we decided to vafly, by =1 K
around the value obtained with the Arrott-plot method and
ATC:TC(w)—TC(de)ocdéé‘, determined the exponeng for each value ofT¢, thereby
giving an estimate for the error in the determinationgof
where the exponenk depends on the dimensionality and  Figure 7 shows the magnetizatioi (T) of three films
universality class of the system. For Ising systems re- measured irB=10 mT vs reduced temperature 1—T/T¢
lated to the critical exponent for the magnetic correlation for different values ofT ¢ on a log-log plot. Within the lim-
length viax=1/v (Refs. 22-24 Hence\;p=1.587 and ited accuracy and limitetirange, the data appear to follow a

T
”-
L
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similar differences between the experimental and the theoret-
ical exponents have been found. In particular, a similar be-

I %:5 Z;g havior, i.e., a change o8 from 0.45-0.5 to~0.25 with
L _ _Bgﬂ'%?@”“ o 0'55 081 = decreasing film thickness aroudd-5-7 ML, was observed
S /@ﬂ/’@*”& T 3 for Ni films on CU100) and Cy111).%! It should be men-
~ Pt /@/f N tioned that real layered magnets and thin films with pure
= //g //8"668 4 in-plane magnetic anisotropy should be considered as real-
% E -8 3 izations of the 2DXY model. Although for infinite size this
s F 7 B 025 248 7 model exhibits a Kosterlitz-Thouless phase transition not
s Lk _a" 'A':};“g.}“ 0.25 249 d sustaining long-range order, the behavior is modified due to
SE " __- a2 e 03 250 3 finite-size effects and(T) can be described in a restricted
S E 7T e . temperature range with a power law and an effective
-7 exponentB3~0.23 (Ref. 39. The experimental data of a
E @00 02 155 5 ber of different films and layered ith in-pl
= . g0 022 156 = number of different films and layered magnets with in-plane
- T s ° - ’ = anisotropy are compatible with this finite-size 20¢
- - /v’vvz_ _ BB 028 157 mode|31g¥,38,4o P
—— a - - — . .
E - a0 B Tel0 3 On the other hand, as pointed out by Kohlhepml*! the
— 3 reported exponents in many cases should not be interpreted
T I N T as true critical exponents, since the method for their deter-
10 103 102 101 100 mination varies from study to study or the temperature inter-
1-T/Tg val is outside the critical region. In the present c@sevas

determined in roughly the same rangetdds in the studies
on Ni/Cu (Ref. 3]) and Au/Fe®?
One possible reason for a difference in the critical behav-
ior of our samples compared to Gd films or(1¥0) might be
a crucial role of the substrate, i.e.(0001) or W(110. In
addition, the Y cover layer can influence the magnetic prop-
erties compared to uncovered magnetic films. For instance,
Tc of a free F€110 monolayer on W110) is enhanced from
power law M(T)o(1—T/Tc)? with an exponent3=0.5 210 to 296 K when coated with Alf.For the same system,
+0.08 ([dgq=26 A), B=0.27+0.05 dg=11 A), andg  an indirect interaction of electronic origin between double-
=0.23+0.05 (dgq=2.9 A). Although the error in the de- layer islands mediated by the surrounding monolayer and the
termination is large, a sudden transition of the exponent fronVV substrate probably leads to a frustration of magnetic order
~0.5 fordgg>11 A to ~0.25 fordge<11 A can be identi- for certain coveragesThus, for submonolayer coverages of
fied when data from all samples are taken into account. I5d in Y/Gd/Y sandwiches the indirect exchange between
particular, 8 is almost constant in the thin-film region. As- different islands via the Ruderman-Kittel-Kasuya-Yosida
sumingB=0.25 fordgs>11 A yields unreasonably low Cu- (RKKY) interaction might change the magnetic behavior
rie temperatures which are not consistent with the measuregpmpared to uncovered Gd films. This has to be investigated
M(T) behavior. further. In summary, we find a common change of the expo-
Thus a change o8 occurs in the samdgy range as that nents@ and \ at a thicknesgy~11 A. g is similar to
of \, although the absolute values @fare incompatible with  values found in a large number of different magnetic films,
the theoretical values for 2D-Ising3&0.125 and 3D-Ising  @lthough it may not be considered as a true critical exponent.
or Heisenberg ferromagnet0.33-0.37) (Refs. 33-35  We mention that for an accurate analysis of the critical be-
expected from the above mention&g(d) behavior. havior of monolayer and submonolayer films more elaborate
For thick films, our resulB~0.5 is identical to the mean- Surface sensitive techniques such as spin-polarized low-
field value but definitely larger than both the 3D-Heisenbergenergy electron diffraction have to be used, as very recently
value 8=0.375 obtained previously fronn situ MOKE  employed for an F¢110) monolayer on W110).**
measurements on a 300-A Gd film on(\L0 (Ref. 21 and
the value3=0.37—0.38 for bulk Gd® A possible explana-
tion might be a rounding of the transition, for instance due to
a distribution of Curie temperatures caused by fluctuations of
the film thickness on a large lateral scale. A broadening of Thin epitaxial Gd films were grown on Y if0002) ori-
the transition has been taken into account in previous thintation by electron-beam evaporation and studied with STM
film studies for Gd/W110) (Ref. 39 and Fe/W110 (Ref. and the magneto-optical Kerr effect. Comparison of film
43) by assuming a Gaussian distribution of Curie temperamorphology and magnetic properties yields an optimum
tures around an averade.. However, in the present work growth temperature of ;=473 K as a compromise between
the paramagnetic tail does not allow an unambiguous analyatomically flat layer growth requiring higfig and suppres-
sis of the data in this respect. sion of interdiffusion requiring lowl. Samples prepared at
In the thin film region the valug~0.25 is in agreement this temperature show a ferromagnetic signal down to half a
with results obtained on several transition metal films such asonolayer coveragedgy=1.5 A) indicating that an average
Fe on AW100) (Ref. 32 and Ni on Cu(Refs. 31,38where  Gd island size of about 12 000%Ais sufficient to establish

FIG. 7. Log-log plot of the spontaneous magnetizatidiiB
=10 mT) vs reduced temperature<{I/T:) for samples prepared
at T;=473 K. The dashed lines illustrate a behavibto (1
—TI/T)? for the indicated Curie temperatufB-(dgy). Sample
thickness isdgy=26, 11, and 2.9 A(from top to bottom data set
Data are shifted vertically for clarity.

IV. CONCLUSION
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long-range ferromagnetic order within the island. For the The depression of the Curie temperature varies as
covered Gd monolayer we obsefg= 155 K=0.53T (). ATCocde with an exponent=1 for dgs<11 A (4 ML)
Samples with an average island size of only 5000show  changing tok =1.6 for thicker films. This is attributed to a

no ferromagnetic signal. It is open whether this is simply duedimensional crossover from 2D- to 3D-Ising or 3D-
to the lack of sensitivity of our t-MOKE experimefiimited Heisenberg ferromagnetism. Furthermore, a significant
by the Y cap layeror, possibly, to superparamagnetism in change of the exponerng® of the magnetizatiorM is ob-

the present temperature range. The role of the RKKY interserved in the same thickness range. However, the experimen-
action between islandsnediated through the Y conduction tal data for@ do not agree with the theoretical values for the
electrons on the substrate and the cap laymeds to be Ising system but are in agreement with experimental values
investigated. found for band ferromagnets with in-plane magnetization.
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