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Observation of growth-mode change under a magnetic field in YBg&Cu3;0,_,

Yanwei Ma, Kazuo Watanabe, Satoshi Awaji, and Mitsuhiro Motokawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
and CREST, Japan Science and Technology Corporation, Tsukuba 305-0047, Japan
(Received 21 February 2001; revised manuscript received 16 July 2001; published 6 May 2002

YBa,Cu;0,_, (YBCO) films were grown on metallic substrates by a metalorganic chemical vapor deposi-
tion process in high magnetic fields. We used a combination of scanning electron micr¢S&dy atomic
force microscopy(AFM), x-ray diffraction, and transport-property measurements. By imaging the as-grown
surfaces of YBCO films with high-resolution SEM and AFM, we have directly observed the growth-mode
change from the spiral growth mode at zero field to the two-dimension@Drisland growth mode under an
external magnetic field. The surface structures observed provide insight into the mechanism of crystal growth
operative during the formation of YBCO films grown using the our field-assisted chemical vapor deposition
technique. The possible mechanism of the film growth under the influence of a magnetic field is also analyzed.
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INTRODUCTION limitation to technological applications. This limitation is

strongly correlated to the misorientation between the grains.

Since the discovery of high-temperature superconductorslence, in order to minimize grain-boundary weak links, a

(HTS'’s) in 1986, significant progress has been made towardBigh degree of texture must be obtained. One possible

fabricating long, flexible HTS wires and cables with high method to produce superconductor grain alignment is to fab-
transport critical current densitiesy for various electrical  "icate samples under a high magnetic f%?dThe driving

industry applications. One of the most successful approachd@rce for grain alignment is provided by the anisotropy para-

is the oxide powder-in-tubOPIT) process to produce high- magnetic susceptlblllt_y exhlblted_by_ the superconductor

quality silver-sheathed Bi-2212 and Bi-2223 taﬂwésAI- grains. When placed in a magnetic field, a superconductor

though thousands of meters of OPIT Bi-based tapes hay@rain minimizes its magnetic energy by aligning its axis of
been fabricated, the intrinsic properties of Bi-based materim@Ximum paramagnetic susceptibility parallel to the mag-

als, i.e., the temperature dependence of the irreversibilitf€tic field.

field, appear to limit them to applications at lower tempera- ©On the other hand, metalorganic chemical vapor deposi-
ture (<40 K) or in low fields at higher temperature. Com- tion (CVD) technique is considered to be a very promising

pared to Bi-based superconductors, ¥8&,0;_, (YBCO) method because of its advantages of a high growth rate, con-

will enable applications at 77 K and in magnetic fields overformal coverage, and its ability to coat 2complex shapes.
1 T. However, highl,, values can only be obtained for YBCO YBCO films with highJ. more than 10 Alcm” at 77 K were
films that are oriented with a high degree of crystalline tex-€asily fabricated on single-crystal substrates by this
ture both normal to and within the basal plane. New producM€thod.” In addition, for practical YBCO superconductors
tion methods to realize highly textured YBCO films on me-aS @ long wire or tape in electric power applications, cheap,
tallic tapes are necessary for HTS applications. RecentlyoPust, and flexible metallic substrates are required.
several novel approaches based on vapor deposition tech- I the magnetic field is applied during a film fabrication
nologies very different from OPIT, known as the ion-beam-Process, the orientation of grains ar_1d oth_er field effe_ct_s for
assisted depositiofiBAD) and rolling-assisted biaxially tex- fIlm growth are expected. Our study is motivated by this idea
tured substratéRABITS) processed? have been developed with the.a|m of improving the_superconductmg propertles. of
to make YBCO films on metallic substrates by which high _YBCO films grown on me_taII|c substrates through .combm-
values greater than 10\cm? were already demonstrated N9 the magnetic grain alignment and CVD techniques. In
for short length samples. A key issue in the above approach&rd_er to optimize the processing of HTS films under a mag-
is the necessity to use buffer layers, whose function mainly &€t field, it is important to understand the growth mecha-
to prevent diffusion of metal elements into the supercon-n'Sm on a technically mter.est’mg §ubstrate. Since this may
ductor during high-temperature processing and also transfefdlow bgtter con_trol of the f|Ims microstructure and.thus its
the biaxial texture of the metal substrate to the HTS coar’ting.pmpert'es' ]n th's. work we will show that for YBCO films on
More recently, significant progress towards a scalable lowPolYcrystalline silver substrates, the surface morphology

cost buffer layer has made at Oak Ridge National Laborag_rQStica”y changes With_increasing the magnetic field. In ad-
tory, which is a major step for achieving an economicallyd't'on' we address the discovery of new phenomena relevant
and technically viable wire proceSs. to the growth mode change in YBCO films induced by an

As another approach, the direct deposition of YBCO films€Xternal magnetic field.
on metallic substrates without any buffer layer, is one of the
most promising methods for preparing a low-cost supercon-
ducting tap€. However, lower transport properties in YBCO  YBCO films were grown on polycrystalline silver sub-
films directly grown on metallic substrates are the principalstrates by metalorganic chemical vapor deposition

EXPERIMENTAL PROCEDURE
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FIG. 2. Magnetic field dependence of the transport current den-
sity at 4.2 K,Hllc, for films deposited undéfic,p=0 and 6 T. The
FIG. 1. AFM images of YBCO films grown at different mag- inset shows thel. values at 77 K, zero field, as a function of the
netic fields. The scan size is 20nx20um. (8) 0T, (0) 2T, (c) 4  deposition fieldHcyp -
T, and(d) 8 T.

tion, we have already confirmed that the crystallinity of
(MOCVD) in high magnetic fields. Polycrystalline silver YBCO films was improved by applying a magnetic field dur-
substrates, approximately ¥Gx0.2mn? in size, were ing the CVD depositiort? which is attributed to the magnetic
used; they were mechanically polished prior to depositionfield orientation effect.
The substrates were set in a vertical reactor, which was in- Since both the crystallinity and intergrain connections
stalled in the room-temperature bore of a cryogen-free supehave been improved, the enhancement of critical current den-
conducting magnét and the film deposition was carried out sities of YBCO films is also expected. Figure 2 shows the
at a constant vertical magnetic field of 0, 2, 4, 6, and 8 T. Tdield dependence of transport critical current densities for
be concise, hereinafter we refer to the magnetic field durindilms deposited undea 0 and 6 T magnetic field at 4.2 K.
deposition byHyp. Nonaligned films were fabricated em- Notice that there is a strong increase Jp for the films
ploying identical conditions in the absence of a magnetiaddeposited under a magnetic field. Clearly, for field samples,
field. The deposition conditions were the same as previously, values also exhibited much less of the field dependence
published'? The films were slowly cooled to room tempera- behavior, implying that field films have strong flux pinning
ture from the deposition temperatu(@50 °Q in 1 atm of  with increasing magnetic field. This behavior is similar to the
oxygen. The transpoi, at 77 K and its magnetic field de- field dependence at 77 ¥.Shown in the inset of Fig. 2 is
pendence were evaluated by a standard four-probe techniqtige self-field values of. at 77 K as a function of the depo-
with a criterion of 0.5uV/cm. YBCO films were character- sition field Hcyp . In this plot, J. increases with increasing
ized by x-ray diffraction(XRD). The surface morphology of the magnetic field up to 4 T and further increasing the mag-
YBCO films was investigated by scanning electron micros-etic field hardly affects thd. improvement. Therefore, the

copy (SEM) and atomic force microscopyAFM). above data clearly indicate that the magnetic field is respon-
sible for improving the superconducting properties of YBCO
RESULTS films.

In order to get more information about the microstructures

Figure 1 shows the AFM images for the films deposited aof films deposited with and without the magnetic field, SEM
different magnetic fields. In the case of the absence of avas performed, as shown in Fig. 3. From this figure, it is
magnetic field, the films exhibit large rectangular grains, andtlear that the structure development with magnetic fields is
large voids and poor interconnection are present. At 2 T, theonsistent with the AFM observatiaifrig. 1). Furthermore,
grain shape seems similar to that of the 0 T films, but thehe most prominent feature for the O T film is the presence of
grain size is reduced. Under a field of above 2 T, the crysgrowth spirals and steps due to screw dislocations. Growth
tallites of films were more homogeneous and irregular grainspirals emanating from both left- and right-handed screw dis-
~1-2 um were well connected to each other, compared witHocations are clearly sedindicated by arrows On the con-
that without the magnetic field. Clearly, the intergrain con-trary, as for the films deposited in the magnetic fields, no
nectivity and morphology were less influenced by fields oveiindication for spiral growth features are found. Hence our
4 T. Thus, with increasing magnetic field, the grain size wabservations clearly demonstrate that the growth mechanism
reduced, but the grain connectivity was improved. In addifor the films with and without the field should be different.
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findings that screw dislocations are a general feature of the
growth of c-axis YBCO films* However, the AFM images
of the films grown in magnetic fields are very different from
growth in a zero field. The YBCO film growth at 2 T exhibits
the two-dimensional(2D) growth behavior: rectangular
grains, straight-cut grain edge. In most cases, spaced steps
with ~92 nm are observed at the edge of the grain; in par-
ticular, no growth spirals are found on the film surface. It has
been reported that for the Ag/Au-doped YBCO film grown
by pulsed laser deposition, the film consists of well-aligned
rectangle-shaped grains, but no any spirals, having ahigh
of 4-8x10° Alcm? (0 T, 77 K).!® Subsequently, direct evi-
dence of 2D nucleation and growth in laser-ablated YBCO
films was also observeld. These results support the findings
in this study. For the films deposited in magnetic fields above
2 T similarly, no evidence for spiral growth is sefhig.
4(d)]. Although they are formed through isolated island
FIG. 3. SEM images of YBCO films grown at different mag- growth, it is apparently different from the 2 T case. If it was
netic fields:(a) 0 T, (b) a magnified view for the 0 T film shows the g 2D island, two-dimensional steps should appear around
spiral growth mode is preferred in the case of the absence of theach hill-like bump. However, no steps around the bump
magnetic field,(c) high-resolution view for the 2 T film, andd)  \yere observed on the above 2 T films, indicating that the film
high-resolution view for the 4 T film. growth was the 3D island mode. Thus it is clear that the
. .. spiral growth mode is preferred in the case of the absence of
The detailed structure of a growth mode becomes visiblgne magnetic field, while the other growth mechanism is pos-
by atomic force microscopy at high magnification. As ex-gjp|e for YBCO films in the presence of a magnetic field. In

pected, the difference in the growth modes between the thregner words, the surface morphology change was accompa-
films is evident. In the O T film, the characteristic spiral jjgq by the growth-mode change.

growth pattern is clearly present in Figgayand 4b). Not

only a large single growth spiral, but also partially connected
spiral islands can be observed. The screw dislocations appear
to be randomly distributed. The steps between terraces of the |t js well known that highT, superconductors—e.g., for
growth spirals in AFM images are one unit cell high 1.2 yBCO—always exhibit an anisotropic paramagnetic suscep-
nm), which indicates that these dislocations have a Burgergpijlity arising from the conducting Cu-O planes: namely,
vector with a screw component normal to the surface of , ~,_ . wherey, is the paramagnetic susceptibility along
[001].* These observations are in agreement with previoushe c direction andy,, is the paramagnetic susceptibility
normal to thea-b plane. Hence, when placed in a magnetic
field, the magnetic energy is minimized when the axis of
maximum susceptibility is parallel to the magnetic figftl.

Let us assume homogeneous nucleation and see how the
magnetic field plays an important role in the nucleation
stage. For simplicity, considering the formation of a 3D
nucleus with radiug, the Gibbs free energ@&(r) can be
written as

DISCUSSION

AG(r)z_VsAev+Asv’ySV_VsAGM y (1)

whereVg is the volume of the nucleus amiG,~kgTo is

the change in free energy for a nucleus formed at a super-
saturationo. HereAgy is the nucleus/vapor phase interfacial
area,ysy the interfacial energy per unit area of interface, and
AGy, the Zeeman energy of the nucleus.

The extra driving forceAG,, due to the presence of a
magnetic field is a result of the difference in magnitization
between the vapor phase and the crystal. This energy can be
expressed by

FIG. 4. High-resolution AFM images of the three films grown at
different magnetic fields{a) 0 T. Connected growth spirals are AGy=1/2AM+H, (2)
clearly seen(b) O T. A single-core spiral can often be observég).

2 T, exhibiting 2D-growth behaviord) 4 T, exhibiting the 3D- whereAM+ is the difference in magnetic moment between
growth mode. the vapor phase and the nucleus at a temperdiusedH is

=
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the applied magnetic field. In the vapor phase, the magnetid”D”D”D1 !D“D”D”DWE rﬁw rﬂ]w ré‘ rﬁw réw
ll\ -

moment per unit voluméy is given by yyH, whereyy, is ‘ |

X L v . 1
the paramagnetic susceptibility. In the case the anisotropic S | S —
nucleus formed in the magnetic field, the magnetic field as  Sgs
moment of the nucleus per unit volume can be written as (a) Island growth o (b) Spiral growth
M= — (xcH cog 0+ xapH sir? 6), ©) FIG. 5. Schematic illustration of the growth modes of epitaxial

thin films grown on silver by CVD in a magnetic field) with the
where g is the angle between the fieldl and the direction of  magnetic field andb) without the magnetic field. “G.B.” means
the greatest susceptibility theaxis of the nucleus. grain boundary.
Substituting Egs(2) and(3) into Eg. (1), the total change

in free energy is as follows: magnetic fields lead to three-dimensional nuclei. Thus a

AG(r)=—VeAGy+Agyysy— SVeH[ (xcH cod 6 Eg:g)érgl;:connected film is produced and hence ipen-
+ XapH Sir? 6)— x,H]. (4) In contrast, as for the case of absence of the magnetic

field, arriving adatoms have enough surface mobility and
The critical radiusr* at which a 3D nucleus becomes longer diffusion length at temperatures as high as 850°C
stable is determined by the conditidiG/dr =0, resulting in  therefore, most of the incoming particles prefer to join into
the spirally expanding steps rather than create new nuclei,
2vsy ) proposing that those adatoms would follow the spiral growth
= 1 ) . mode[Fig. 5b)].

AGy+ 7H (X COS 6+ xapSiIT 0) —x, ] As was demonstrated by Schééthe growth modes were
closely related to the thermodynamic driving forces for epi-
taxial growth of HTSC films. Different driving forces re-
sulted in corresponding different nucleation and growth
modes. Under very high driving forces three-dimensional nu-
P* = 2ysv (6) clei were formed. A lower but still higho caused two-

AGV+%H2(XC_XU). dimensional nucleation. The growth spirals become domi-
nant at medium and low. The fact also corroborated by the

One can note thaty< x..? Thus, we may estimate the 'esults of Damet al® They found a reproducible transition

critical energy barrier for nucleation by substituting E§y  from spiral growth to 2D nucleation and growth when the
into Eq. (4) from background pressure during ablation is increased during

pulsed laser depositiofiPLD) of YBCO and argued that the
change in the kinetic energy of the impinging adatoms is
) (7)  responsible for different growth modes. In addition, Worden-
3[AGy+3H?(xe— x,)1? weberet al. recently reported that YBCO films deposited via
on-axis sputter deposition, which are exposed to a plasma
Clearly, not only the barrier for nucleation becomes lower,during deposition, also showed 2D nucleation and growth
but also the size of critical radius is reduced when the maginstead of spiral$® All this clearly demonstrates that the
netic field is applied. It is recognized that the smaller thechange from spiral growth to island nucleation and growth
radius, the more stable the nucleus grows. Hence the prolzan be possible. In other words, at high driving forces many
ability to nucleate islands on the silver substrate surface ismall 2D or 3D nuclei would like to appear. These nuclei
enhanced. In other words, there is a greater tendency fasbscure the spiral growth and induce the 2D or 3D island
nuclei that are aligned with the axis parallel to the field to growth, which were further confirmed by Monte Carlo simu-
take place. Such a phenomenon is easily understood aslations of crystal surface initially growing from spiral
consequence of the above-described effect of the magnetigrowth?® Clearly, our observation of growth-mode change
field of lowering the energy barrier for nucleation. Thus thewith magnetic field is in good agreement with this viewpoint.
incoming adatoms would form their own nuclei by them-  Since the observation of growth spirals is quite common
selves because of the short diffusion length of particles anth YBCO films and screw dislocations are related to these
suppressed mobilityas shown in Fig. 1, the magnetic field growth features, especially, they are considered to be respon-
dramatically reduces the grain size of YBCO, suggesting thasible for the large pinning forces in these materials. The
the surface mobility and diffusion length for arriving ada- question is now why do we not find growth spirals in our
toms might be suppressed by the presence of a magnetiield-assisted deposited films? Where did the screw disloca-
field), and the areal density of nuclei on the film surfacetions go? As we know, spirals form around screw dislocation
should effectively increase with the strength of a magnetioutcrops. The origin of screw dislocations is explained by
field. In this case, the magnetic field supported depositiorsubstrate defects such as linear or edge defects. It was
will prevent the spiral growth and induce 2D or 3D island claimed that such kinds of intrinsic defect structure of the
growth as shown schematically in Fig(ah At low fields  substrate plays a very important role in the nucleation
(e.g., 2 T two-dimensional nuclei are formed, while higher process*?*In contrast to spiral growth, 2D or 3D nucleation

r*

In the case where the magnetic fididis parallel to the
nucleusc axis—namely,#=0—we obtain

16773y

* —
GHHC_

174528-4



OBSERVATION OF GROWTH-MODE CHANGE UNDERA . .. PHYSICAL REVIEW B5 174528

is not related to the occurrence of linear defects; they take CONCLUSIONS

place only if the driving force of the system is high enough,

and they may occur anywhere on the crystal surface. Hence, The magnetic field is very effective on yielding supercon-
under a magnetic field, due to the high driving force, aducting YBCO films on metallic substrates with high critical
growth spiral becomes unstable in the case of an increase 6firrent densities, but without the use of any buffer layers.
the number of island nuclei, leaving 3D nucleation andFurthermore, we also observe a magnetic-field-induced
growth as the dominant growth modes. It should be note@rowth-mode change from spiral growth to island growth in
that in order to investigate the dislocation density in the ab-YBCO films. Based on the AFM images, we suggest a
sence of growth spirals, Daet al'® have developed a suit- growth mechanism to explain the structure of YBCO films
able dislocation-specific etching procedure, because dislocgrown using the CVD method in a magnetic field. Our model
tion etching is generally the most reliable technique towould shed some light on understanding the mechanism of
determine the number of linear defeét$2From their etch-  film growth in complex oxides.

ing experiments they demonstrated that the YBCO films

without spiral growth do contain linear defects, but have

very low etchpit density(1 per um?). We conclude, there- ACKNOWLEDGMENTS
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