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63.8%Cu nuclear quadrupole resonar®QR), 5Cu and”®Br nuclear magnetic resonan@éMR), and Br
K-edge x-ray-absorption fine-structu(gAFS) measurement techniques have been used to study the local
structures of Cu and Br in well-characterized samples of deoxygenated and brominatgelyBaYBCO).
The combined results provide a detailed picture of the role of bromine in reoxygenating the YBCO structure
and an explanation for the partial restoration of superconductivity in the YBCO system. Characterization of the
powder samples, with particle sizes of 1, 20, 30, andu#) included x-ray diffraction, thermal gravimetric
analysis, energy dispersive x-ray analysis, and magnetometry. From the XAFS and NMR results, it is con-
cluded that, upon bromination at 260 °C, Br does not enter the YBCO lattice either substitutionally or inter-
stitially. Instead, there is compelling evidence for the formation of nanoscale, Ba8eipitates which result
from the local destruction of the YB@u,O, phase. Furthermore, on the basis of the NQR and NMR experi-
ments, it is concluded that through this decomposition into an inhomogeneous material, oxygen is liberated
which repopulates the nearby(4) chain sites, thus restoring superconductiviy0163-1829)01838-X]

I. INTRODUCTION in the YBCO lattice, although such experiments are ham-
pered by the similarity in the neutron-scattering lengths of

In studies involving the halogenation of YRau;O,  oxygen and brominé. Also, the broadening of x-ray-
(YBCO), it has been observed that €Br,>®and I' return  diffraction peaks has been attributed to Br atoms occupying
the lattice of deoxygenated YBCO from the nonsuperconthe interstitial sites in the YBCO latticehowever, no direct
ducting tetragonal phase to the orthorhombic phase with stevidence exists for this to date. Kemniz all° have sug-
perconductivity being partially restored. In particular, Ra-gested that another halogen, Cl, which partially restores su-
dousky et al? report that the partially restored phase thatperconductivity in YBaCu,Og 5 causes a local decomposi-
results from the bromination of deoxygenated YBCO yieldstion reaction to occur, creating an amorphous product and
a reduced critical curreni., compared to that of the fully simultaneously oxygenating the unreacted grain interiors.
oxygenated parent YB&u;O,_;. In addition, the magnetic- The amorphous nature and nonsuperconducting behavior of
field dependence of, which has been observed for such much of the resulting sample for high Cl content are seen as
brominated materials has stimulated interest because of pevidence for a partial decomposition. They interpret the in-
tential application in flux-flow studie® The location of the ~ corporation of a large amount of chlorine into YBCO as
Br atoms in the treated material and its effect on the restoinconsistent with an otherwise unchanged YBCO structure.
ration of superconductivity in deoxygenated YBCO re-Studies of chlorine addition to YB&wOg, by Faulques
mained unexplained until very recenfifPresented here is a et al! using x-ray photoelectron spectroscopy and x-ray dif-
more thorough investigation into the structural properties offraction indicate that the Cl oxidation number is betweeh
brominated YBCO. This study provides a detailed picture ofand 0. This led to the conclusion that chlorine enters vacan-
the role of bromine in the partial decomposition of deoxy-cies in BaO planes and promotes diffusion of the oxygen
genated YBCO and the restoration of superconductivity irtoward empty @1) sites, a conclusion that was also sup-
the undecomposed regions of the deoxygenated phase. ported by Raman spectroscopy results.

Halogens are known to cause some degradation of the In order to understand the mechanism by which supercon-
YBCO superconductor:=>’ X-ray photoelectron spectros- ductivity is restored, it is important to understand the local
copy binding-energy studies reported by Fukedal® indi-  atomic structures of Cu and Br in the brominated YBCO
cate that bromine inserted into deoxygenated YBCO mayystem. In this work, nuclear quadrupole resonafi@R)
have a chemical environment similar to that in BaBdow-  and nuclear magnetic resonari®MR) of %35%Cu, NMR of
ever, the x-ray photoelectron spectroscopy technique is suf>8Br, and x-ray-absorption fine-structupéAFS) of the Br
face sensitive and may not represent the bulk compositiork-edge were utilized to study the local structure in well-
Their assumptions are, however, also supported by their Raharacterized powder samples of parent, deoxygenated, and
man and magnetometry studies. Neutron-diffraction meabrominated YBaCu;O,. The sample characterization in-
surements suggest that the Br atoms occupy vacght€les  cluded: (1) thermal gravimetric analysi€TGA) to measure
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TABLE I. Samples and characteristics.

Sample Composition Preparation TmadK)  Te(K) (M/Mp)10 k. MFR(%)
S1 YB&CusO¢ o 1 wm; parent 86 92 1.00 6.1
S2 YBaCuOg g+ Br, Br, 260°C,3h 86 92 1.00 6.1
S3 YB&aCuzOs 6 He 450°C, 4 h 48 60 0.26 1.6
S4 YBaCuOg s+ Br, He 450 °C, 4h; By 260°C,3 h 86 92 0.52 3.2
S5 YB&Cuz0g 1 He 700°C, 4 h <5 <5 0 0
S6 YBaCuOg +Br, He 700°C, 4 h; By 260 °C,3 h 86 92 0.35 2.1
S7 YB&Cu0s.» He 675°C, 8 h

S8 YBa,Cu;0g He 675 °C, 8 h; vac. 260 °G; h

S9 YBgCus0 6+ 0O, He 450°C, 4 h; @560°C, 4 h 87 92 0.85 5.2
L1 YBa,CusOp 9 20 um; parent 87 93 1.00 7.9
L2 YBa,CuyOg 6 He 450°C, 4 h 57 69 0.42 3.3
L3 YBa,CyOg s+Br, He 450°C, 4 h; By260°C,3 h 85 92 0.71 5.6
L4 YBa,CuyOg, 5 He 750°C, 5 h <5 <5 0 0

L5 YBa,CwOg, 5+Br, He 750°C, 5 h; By260°C, 5 h 85 93 0.48 3.8
M1 YBa,CuyOp 9 40 wm; parent 90 93 1.00 100
M2 YBa,CuyOg 7 He 450°C, 4 h 58 80 0.46 46
M3 YBa,C,Oq +Br, He 450°C, 4 h; Bf260°C,3 h 90 93 0.85 85
M4 YBa,CusOp 9 30 um; parent 90 92 1.00 79
M5 YBa,CusOg o+ Br, Br, 260°C, 24 h 90 92 1.05 83
M6 YBa,CusOg 1+Br, He 700°C, 4 h; By 260 °C, 24 h 82 90 0.18 14

Sample Si(paren}, M,=—7.7x10 3 emu/g
Sample L1(paren}, M,= —1.0x 10" % emu/g
Sample Mi(paren}, M,=—1.3X 10 * emu/g
Sample M4(paren}, M,=—1.0X 10" * emu/g

the oxygen content after deoxygenati@B) energy disper- has been obtained concerning the structural changes induced
sive x-ray analysi$EDAX) to monitor the presence of bro- by the bromination of deoxygenated Yf&as0,_5 and the
mine after bromination(3) x-ray diffraction (XRD) of the  nature of the restoration of the superconducting state.
parent, deoxygenated, and brominated samples,(@nsu-

perconducting quantum interference de8&UID) magne-

tometry to monitor the effect of deoxygenation and bromina- 1. EXPERIMENTAL APPARATUS AND PROCEDURE

tion on the superconductivity. Values for the nominal oxygen
content, which were assigned to the samples after deoxygen-
ation, were obtained primarily from the TGA results; how-  Several powder samples were prepared and characterized
ever, for comparison, values were also obtained from medfor use in the NQR, NMR, and XAFS experiments. Table |
surements of the superconducting transition temperdature lists each sample, along with the corresponding composition
and lattice parameters. The Bredge XAFS experiments on (nominal oxygen conteptparticle size, and deoxygenation/
deoxygenated and brominated YBCO clearly demonstratbromination treatment. Samples S1 through S9 were pre-
that bromine does not occupy any detectable number of sitggared from 99.999% pure YBBu;O,_ s parent powder ob-
within the YBCO lattice, either as a substitutional or inter-tained from Superconducting Components, Inc., with an
stitial atom. Instead, the XAFS results indicate the presencexygen conteny=7— §=6.9+0.1 and 1um particle size.

of BaBr, regions with nanoscale dimensions. FurthermoreSamples L1 through L5 were prepared from 99.999% pure
the "*#1Br NMR measurements show that the local environ-YBa,Cu;0,_ s parent powder obtained from Kurt J. Lesker,
ment surrounding the Br atoms in brominated YBCO is verylnc., with an oxygen content=7— §=6.9+0.1 and 20am
similar to that for Br in BaBy. 35%Cu NQR and NMR spec- particle size. Finally, samples M1 through M6 were prepared
tra obtained from Cu atoms in the chain (Quand plane from a YBgCuO,_ s parent powder with oxygen contept
Cu(2) sites show that the bromination treatment essentially=7— 6=6.9+0.1 that was fabricated according to published
restores the spectra from that characteristic of deoxygenatadethods'?> The sample was ground and sieved to obtain par-
YBCO to that characteristic for a fully oxygenated parentent powders with 4Q:m (samples M1-MB and 30um
YBa,Cu;0;_ 5 superconductor. However, the intensity of the (samples M4—M@ particle size.

plane Cy@2) peaks relative to the chain Cb) peaks in the Deoxygenation was carried out by heating the sample
brominated samples is diminished when compared to thosgowder in a chamber which was first evacuated and then
in the parent material. By using three locally probing mea-filled with 99.999% pure He gas that was allowed to flow
surement techniques, NQR, NMR, and XAFS, informationthrough the chamber. Generally speaking, two deoxygen-

A. Sample preparation and characterization
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ation temperatures were usdd) the relatively low value of YBCO over the frequency ranges 18—34 MHz and 70-110
450°C and(2) higher values near 700 °C. The deoxygen-MHz. In order to initially approximate the tuning and exci-
ation time ranged from 4—-8 h. At the conclusion of thetation conditions, the room-temperatufé&Cu NQR free in-
deoxygenation treatment, the sample powder was allowed tduction decay was observed at 26.0 MHz in,Ou For the
cool to room temperature. Bromination was carried out using®5%Cu spectra, a typical, ,- -t =4 us-60us-8 s spin-
an “equilibrium” technique based on a method previously echo pulse sequence was used with a 0.5-Hz repetition rate.
employed by Radousky and co-worké&rs.In this proce- Spectra were obtained with usable signal-to-noise by averag-
dure, the sample chamber was initially evacuated to a backng 100 repetitions/®®Br NMR measurements were made
ground pressure of 210 ®torr to reduce the effect of con- using the same phase-coherent pulse spectrometer described
taminants. The sample powder was heated to 260 °C anabove along with an Oxford Instruments superconducting
then exposed to a source containing liquid bromine at roonmagnet. The frequency was fixed at52.84 MHz as the
temperature such that during bromination, the total pressumnagnetic field was rampe@wep} from 4.5-5.0 T. For the
in the sample chamber was just the, Bapor pressure. Upon °81Br spectra, a typicalt, - 7-t,=20us-120us-40us
completion of the bromination treatment, the liquid brominespin-echo pulse sequence was used with a 10-Hz repetition
source temperature was lowered to 77 K by immersing it irate. Spectra were obtained with usable signal-to-noise by
liquid N, which caused the Bwvapor in the sample chamber averaging 5000 repetitions.
to be reclaimed at the bromine source. The sample powder
was then exposed to an inert He gas flow and cooled to room C. Extended x-ray-absorption fine structure
temperature. The typical bromination treatment time whs The XAFS experiments were carried out in the transmis-
However, a shorter time ¢fh and longer time of 24 h were gjon mode at the X-11A beamline of the National Synchro-
also used. Table | shows that sample S7, with anipar-  on Light Source, Brookhaven National Laboratory, using a
ticle size, was deoxygenated at 675°C for 8 h. Sample S§ople-crystal Si111) monochromator. This beamline has
underwent the same deoxygenation treatment as sample Sgetrymentation which can be used to make XAFS and fluo-
and then was exposed to the same thermal treatment used@cence measurements at the absorption edges of the ele-
bromination(260 °C for; h) except that it was under vacuum ments being studied. The apparatus is described in detail
with no Br, vapor present. . elsewheré®**For each sample, the powder was rubbed onto
Estimates for the resulting sample stoichiomelyr  Kapton tape which was used to create a stack of layers to get
nominal oxygen contenafter deoxygenation were made-  an appropriate edge jump and to avoid systematic errors for
directly) using a Perkin-Elmer TGA-7 instrument for thermal the thickness effect. Harmonic rejection was accomplished
gravimetric analysis. Initial TGA measurements using POW+y detuning the monochromator te80% of its peak inten-
der samples proved to be uncertain due to large changes &y |n this work, experiments to observe the Rredge
mass during the cooldown following the deoxygenation heajyere carried out. The measurements were made at room tem-
treatment. This was attributed to temperature-dependent sUfsrature and below; the sample temperature was reduced by
face effects. Consequently, subsequent measurements Wejig, methods. In the first method, the samples were cooled
carried out on small pieces of bulk YBa,O;; which — moderately T~200K) by attaching them to a copper
were approximately cubic, 2 mm on each side. In additionpg|der, the sample remaining in air, while the other end of
samples S2, S4, S6, MS, and M6 were analyzed using energje holder was exposed to a liquid-nitrogen bath. In the sec-
dispersive x-ray analysis in order to monitor the bromineynq method, the samples were mounted in a Displex closed-

content. X-ray-diffraction measurements were carried out ORycle refrigerator resulting in an approximate temperature of
the various parent powder samples as well as after the deoxy k.

genation and bromination treatments using a Phillips diffrac-
tometer equipped with a single crystal monochrometer and ||| EXPERIMENTAL RESULTS AND ANALYSIS
Cu-K « radiation ( =1.5418 A). The intensity was recorded
as a function of ®, ® being the Bragg diffraction angle,
using a homemade computer interface. Finally, magnetiza- Figure 1 shows the TGA mass lo§s %) versus time for
tion measurements were performed on the samples listed iulk YBa,Cu;O,_ 5 with various fixed temperatures during
Table | using a Quantum Design MPMS SQUID magneto-deoxygenation. It can be seen that after 80 min, most of the
meter. deoxygenation has occurred. The TGA results yielded esti-
mates for the nominal oxygen content or number of oxygen
atoms per formula unit ofy~6.6, 6.3, 6.2, and 6.1 after
B. Nuclear quadrupole resonance and nuclear magnetic deoxygenation at fixed temperatures of 450, 550, 650, and
resonance 700 °C, respectively. These results were used to make the
636U NQR and NMR spectra, as well 3%Br NMR ~ primary assignments for the nominal oxygen content of the
spectra, were obtained using a Matec phase-coherent spifeoxygenated samples listed in Table I. However, values ob-
echo pulse spectrometer. Details concerning the instrumer@ined from XRD measurements of the lattice parameters and
tation, experimental procedure, and data acquisition are pranagnetization measurementsTofwere found to be in good
vided in references 13 and 14 and references therein. Agreementsee below in Sec. llIC and Il D, respectivgly
conventional double glass dewar system with pumping en-
abled operation at liquid-He temperatures. In particular,
zero-field spin-echo NQR and NMR spectra were obtained Energy dispersive x-ray analysis was used to monitor the
for 63®3Cu nuclei in the chain Q) and plane C(2) sites in  Br atoms which were actually incorporated into the samples.

A. Thermal gravimetric analysis

B. Energy dispersive x-ray analysis
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FIG. 1. Thermal gravimetric analysis measurement of the mass
loss from bulk YBaCusO,_ s versus time during deoxygenation un-
der He gas flow for various temperaturés: 450 °C,(b) 550 °C,(c)

650 °C, and(d) 700 °C.

The ratio of the Brk, to Y-L,, peak heightgat 1.5 and 1.8
keV, respectivelyprovided a quantitative comparison of the 4 ' 30 40 50 ' 0 ' 70

Br content between samples. For the threem-YBa,Cu;0O, 20

samples which underwent the same bromination treatment

(260 °C for 3 h), the EDAX peak-height ratio was 0.1, 0.7, FIG. 2. X-ray-diffraction spectra obtained for the various
and 0.95 for S2, S4, and S6, respectively. Since sample SYBa;C0O, samples:(a) standard JCPDS powder pattern for
was not deoxygenated, the nominal oxygen content yas YBa:CuO7 5 see Ref. 16(b) sample S1, k:m particle size par-
~6.9. The oxygen content for sample S4, which was deoxy&nt Powder;(c) sample S5, J:m powder after deoxygenation at
genated at 450°C, wag~6.6, while that for sample S6, 700 °C for 4 h;(d) sample.SG,_ J#m powder after deoxygenation at
which was deoxygenated at 700 °C wgs 6.1. The EDAX 700 °C for 4 h and bromination at 260 °C férh; (e) sample S4,

SO . . 1-um powder after deoxygenation at 450 °G # h and bromina-
results clearly indicate a trend of increased bromine absorr{i-on at 260 °C fork h: (f) sample L3, 2Qum powder after deoxy-
2 'h ’

tion into the samples for reduced oxygen content. This is alsgenation at 450 °C fo4 h and bromination at 260 °C fdf h: (g)
coer|stent with the ED.AX _results from the 30m SamP'eS sample M3, 40um powder after deoxygenation at 450 °C for 4 h
which underwent bromination for 24 h. The peak ratio Was, 4 promination at 260 °C fof h; (h) sample M5, 3Qum powder
1.0 for sample M5 which was not deoxygenated, while theygq, only bromination at 260 °C for 24 h: ar(@ sample M8,

peak ratio was 3.6 for sample M6 which was deoxygenatedg.,m powder after deoxygenation at 700 °G #oh and bromina-
at 700 °C for 4 h. The relatively large incorporation of Br tjon at 260 °C for 24 h.

into sample M6 is also apparent in the XRD pattésee
below). obtained by Radouskgt al.? the parent powder, which has
an orthorhombic structure, becomes more tetrag@doaler
OR) upon deoxygenation, and then returns to the more ortho-
rhombic (higher OR structure after bromination. The same
A series of typical XRD spectra obtained in this work aretrends were also observed for sample S3 which was deoxy-
provided in Fig. 2. Figure &) shows the standard Joint genated at 450 °C fo4 h yielding y~6.6 and sample S4
Committee on Powder Diffraction StandardsCPD$ pow-  which was deoxygenated like sample S3 and brominated at
der pattern for YBagCu0,_ 5 '® Also shown are YBCw;0,  260°C for i h [Fig. 2e)]. The crystallographic data also
powder patterns for three of thegm particle size samples: provide a measure of the oxygen stoichiometry for the vari-
sample S1 which is the parent powder witk-7—6~6.9  ous unbrominated samples as the lattice parameters can be
[Fig. 2b)], sample S5 which was deoxygenated at 700 °C fodirectly related to the oxygen contelit:®A careful compari-
4 h yieldingy~6.1 [Fig. 2(c)], and sample S6 which was son of the lattice parameters for the deoxygenated samples
deoxygenated like sample S5 and brominated at 260 °C fag3 and S5 listed in Table Il with the data of Castall®
3 h [Fig. 2d)]. The Miller indices(hkl) for the principal supported the values assigned for the oxygen content from
YBCO peaks are indicated in Fig(l§). Listed in Table Il are  the TGA measurements. As seen in Fifh)2there are some
the orthogonal lattice parametef®, b, andc) which were  small peaks designated hy, 8, v, 8, ande which are not
obtained by a least-squares fit of the peak positions, alongssociated with the YBCO crystal structure. These are due to
with the unit-cell volume ¥) and degree of orthorhombicity a small amount of second phésewhich came in with the
(OR=200(b—a)/(b+a)|). The orthorhombic-tetragonal- parent powder. Likely candidates for the second pisise-
orthorhombic shift is shown explicitly by the crystallo- clude BaCQ, BaCuQ, BaCuQ; Y,0s; CuO, and CyO.
graphic data listed in Table II. In agreement with the resultsSimilar second phase peaks were observed for th@r20-

C. X-ray diffraction
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TABLE II. Lattice constants for Jxm powder samples.

Sample a(A) b(A) c(A) V(A) OR
Parent
(S YBa,Cuz04 o 3.820) 3.815) 11.680) 172(9) 14
Deoxygenated
(S3) YBa,Cuz04 ¢ 3.830) 3.860) 11.745) 173(6) 0.78
(S5 YBa,Cuz04 ¢ 3.840) 3.850) 11.770) 174(0) 0.26
Deoxygenated and brominated
(S4 YBa,CusOg 6+ Br 3.820) 3.880) 11.660) 172(8) 1.6
(S6) YBa,CuzOg 1+Br 3.820) 3.870) 11.7Q0) 172(9) 1.0
References values

YBa,Cus0;_ 52 3.819 3.886 11.680 173.3 17
YBa,CuOg., 5 3.853 3.853 11.780 174.9 0

%Reference 16.
bReference 17.

parent powdefL1); however, there was no trace of a secondperature behavioM (T) in emu/g was obtained for a fixed
phase in the XRD patterns for the 30- and 40 parent magnetic field intensity ofH=100e. Four parameters,
powders(M4 and M1, respectively which are listed in Table I, are defined to characterize the
Figures 2f) and 2g) show the XRD powder patterns for sample superconductivityl) T .« the temperature at which
the 20um (sample L3 and 40um (sample M3 particle size M (T) has maximum slop€?) T, the onset temperature for
samples, respectively, which have both undergone deoxysuperconductivity(3) (M/Mp)o «, the ZFC magnetization
genation at 450 °C for 4 h, and then bromination at 260 °Cat T=10 K normalized by the value for the parent sample at
for 3 h. The trend to return the more tetragofialver OR 10 K, which provides a quantitative measure of the degree of
structure to the more orthorhombibigher OR structure  suppression and restoration of superconductivity upon
after bromination also occurred for the 20- and #4®-  deoxygenation and bromination, respectively, &4dMFR,
samples; however, the 40m sample exhibited some addi- the ZFC Meissner fraction. The Meissner fraction was calcu-
tional peaks which were inconsistent with the ¥B&0;_s lated using MFR=(—)47Mp/H, wherep is the mass den-
structure. The additional peaks indicate the appearance ofsity. The small Meissner fraction of the parent materials S1
second phase after brominatith. and L1 cannot be explained by the effect of penetration
Figure Zh) shows the XRD powder pattern for the 3®  depth alone. However, grain boundaries containing nonsto-
sample M5 which was brominated at 260 °C for 24 h withoutichiometric material can strongly reduce the Meissner frac-
undergoing a prior deoxygenation treatment, while Fig) 2
shows the pattern for the 3@m sample M6 which was also 2 I T
brominated for 24 h like sample M5 after undergoing deoxy- [
genation at 700°C for 4 h. Although the parent powder
sample for both of these samples showed no sign of any
second phase peaks, such peaks start to appear for the
samples after the long 24-h bromination tifneand 8). Fur-
thermore, sample M6 which was deoxygenated prior to the
bromination treatment was altered more drastically than
sample M5 which was not deoxygenated in th@lt} the
YBCO peaks are broadene@) the second phase peaks are
more intense, an@3) a broad background appears between [
25° and 35°. A similar broad background also exists for YO (Y ()
sample M5; however, it is barely visible. The broad back- [ (@) (x)
ground is consistent with the existence of nanoscale-size re- -8 Ll ] l 1 1
gions of BaBs. It is noteworthy that the most intense peak in 20 40 60 80 100 120
the XRD pattern for orthorhombic and hexagonal Ba@e- Temperature (K)
curs at 29.681121) and 30.599201), respectively. FIG. 3. Zero-field-cooled magnetizatigim emu/g versus tem-
perature in a 10-Oe magnetic field for the variougurt- particle
size YBgCu;0, samples{a) sample S1, parent powdéh) sample
S2, after only bromination at 260 °C fgrh; (c) sample S3, after
Magnetization measurements were used to monitor thgeoxygenation at 450 °C for 4 td) sample S4, after deoxygenation
onset and fractional amount of superconductivity in the vari-at 450 °C for 4 h and bromination at 260 °C fbh; and(e) sample
ous parent, deoxygenated, and brominated sanfpéesFig.  S9, after deoxygenation at 450 °Cr#é h and reoxygenation under
3). The zero-field-cooledZFC) magnetization versus tem- O, flow at 560 °C for 4 h.
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tion due to weakened coupling between grains within the
particles, as reported in Cléthand Moodenbaught al 22

The presence of small peaks due to such impurities were
found in the x-ray diffraction data for samples S1 and L1,
but not for the parent material from which M1 and M4 were
derived®® From an inspection of the four superconductivity
parameters in Table I, it can be seen for the 1-, 20-, and
40-um samples that superconductivity was reduced in the
samples deoxygenated at 450(%3, L2, and M2 and com-
pletely suppresse@t least tol =5 K) in the samples deoxy-
genated at 700—750 °@S5 and L4. The value ofT, for the
parent and deoxygenated samples can also be used as a mea
sure of the oxygen content in YBCO. For example, a consid-
eration of the accepted relationship between carrier concen-
tration (or oxygen contentand T, for underdoped YBCO as
provided by Birgeneau and ShirdAéndicated that the val-

ues assigned for the oxygen content from the TGA measure-
ments for the 1 and 2@:m sample€S3 and L2, respectively
were consistent, while that for the 40m sampleM2) might

be an underestimate by a small amount. Also, from Table I,

it can be seen that a subsequent bromination of the deoxy-
genated samplg$4, S6, L3, L5, and MBresulted in partial
restoration of the superconductivity in agreement with results
reported previously® In particular, T, and T, returned
essentially to the parent values; howeve/M;) o k re-
turned to only a fraction of the parent value. The degree of = B, . i oaliiv
restoration was smaller for the samples deoxygenated at 18 20 22 24 26 28 30 32 34
higher temperatur€700—750 °G and having lower oxygen Frequency (MHz)

content. It is noteworthy that for the sampi82 with no

deoxygenation prior to the bromination treatment, both the FIG. 4. ®**Tu spin-echo NQR spectra obtained at 4.2 K for
superconducting transition temperature and fraction are edarious 1um particle size YBg&Cu,0, samples(a) sample S1, par-
sentially the same as for the parent sam(@®. Finally, for ent powder;(b) sample S5, after_deoxygenatlon at 700 °C f(_)r 4 h;
the 30um samples which underwent a long 24-h bromina-(©) sample S6, after deoxygenation at 700 °C4dh and bromina-
tion, sample M5 with no deoxygenation prior to bromination 0" &t 260°C forz h; (d) sample S2, after only bromination at

] l- . H o .
showed essentially no change in the superconducting pro 60 °C for h; (€) sample S3, after deoxygenation at 450 °C for 4

. . . ._‘and(f) sample S4, after deoxygenation at 450 °€ 4oh and bro-
erties. However, sample M6 with prior deoxygenation mination at 260 °C fork h.

showed a somewhat lower transition temperature and a dras-
tically reduced superconducting fraction. atoms have four nearest-neighbor oxygen atftwe O(2)
and two @3)] and the symmetry is axial. There is significant
deviation from axial symmetry for the Cl) atoms. Figure
4(b) shows the spectrum obtained from sample S5 which was
deoxygenated at 700 °C for 4 h. It can be seen that the pair of
Detailed ®*®Cu NQR studies(18-34 MH2 have been peaks at 20.5 and 22.1 MHz associated with thélCatoms
previously reported for nonbrominated YfaLO, with the  shift to 28.0 and 30.0 MHz, respectively. This is attributed to
oxygen content ranging frony=7-¢ (superconducting the two nearest-neighbor(@ chain atoms being removed
phas¢ to y=6+ 5 (antiferromagnetic phagé® " In addi-  during the deoxygenation treatméat* Furthermore, the
tion, 53%Cu NMR studies also exist for the antiferromag- pair of peaks at 29.0 and 31.5 MHz, associated with the
netic phas&?® over the frequency range 70-110 MHz. As Cu(2) atoms, were observed in the 70-110 MHz range at 1.3
described above, zero-field spin-echo NQR spectra were olk (see Fig. 5 and discussion belpwvhich is consistent with
tained in this work at 4.2 K over the frequency range 19.0-results reported previously for deoxygenated antiferromag-
33.0 MHz. A series of spectra characteristic of theu-  netic YBCO?%%° Also, Cu1) peaks associated with the oc-
particle size YBaCu;O, samples are presented in Fig. 4. cupation of three nearest-neighbor oxygen sjtes O(1)
Figure 4a) shows the spectrum obtained for the parent ( and one @©4)] would appear in the 23.0- and 25.0-MHz
~6.9) powder sample S1 which is characterized by two pairsange. As noted in Fig. (b), measurements in this range
of peaks?*?’ One pair at 20.5 and 22.1 MHz, which is at- revealed no detectable signal indicating that the 700°C
tributed to ®*Cu and®3Cu nuclei, respectively, results from deoxygenation essentially emptied thé4Dsites, one per
the Cul) atoms in the CuO chains having four nearest-unit cell. Figure 4c) shows the spectrum obtained from
neighbor atoms with two @) atoms in the chains and two sample S6 which was deoxygenated like sample S5 and bro-
O(1) apical atoms. The second pair at 29.0 and 31.5 MHzminated at 260 °C fog h. At 260 °C, and without the pres-
which is attributed to®*Cu and ®Cu nuclei, respectively, ence of bromine, oxygen should not be able to return to the
results from the C(2) atoms in the Cu@planes. The C2) sample and restore the superconducting state. To confirm

Normalized Echo Amplitude / Frequency (arb. units)

U]

E. 5%Cu and ®°Cu nuclear quadrupole resonance and nuclear
magnetic resonance
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FIG. 5. 535%Cu zero-field spin-echo NMR spectra obtained at 1.3

K for the 1-.um particle size YB3Cu;0, sample(S5 after deoxy- 18 20 22 24 26 28 30 32 34

genation at 700 °C for 4 h. The antiferromagnetic ordering results in Frequency (MHz)

a 79.47-0.04 kOe hyperfine field at the @) sites along with the 636 ) .

quadrupolar splitting of 23.00 and 22.10 MHz f&Cu and®Cu, FIG. 6. ®**Cu spin-echo NQR spectra obtained at 4.2 K for

various particle size YB&£u;O, samples after deoxygenation at
450 °C for 4 h and bromination at 260 °C férh; (a) sample S4, 1
pm, (b) sample L3, 20um, and(c) sample M3, 4Qum.
this, a deoxygenated YBCO sample was held at 260 °C for
3 h in the evacuated bromination chambeithout introduc-  zero Q4) nearest neighbors, characteristic of sample regions
ing Br). NQR measurements before and after the treatmenvherey~6.0. In addition, there are peaks in the 23.0 and
showed no change, i.e., the spectra for samples S7 and $8.0 MHz range attributed to C1) atoms with one @}
were identical. Bromination restores the pair of peaks assmearest-neighbor indicating sample regions with intermediate
ciated with the C(l) atoms to 20.5 and 22.1 MH@our  oxygen content. Finally, Fig.(# shows the spectrum ob-
nearest-neighbor oxygen atomsuggesting that oxygen re- tained on sample S4 which was deoxygenated at 450 °C like
turns to the @) chain sites. This could be due to redistribu- sample S3 and brominated at 260 °C fdr. Again, it can be
tion of the oxygen in the sample after the bromination treatseen that bromination restores the peaks to the p&8int
ment, and could account for the partial restoration ofvalues with the C(2) peaks being broadened and signifi-
superconductivity observed in the magnetometer resalts cantly reduced in intensity.
model is presented in Sec. J)Mn addition, there is a reap- Following deoxygenation at 700 °C, sample S5 is antifer-
pearance of the pair of peaks at 29.0 and 31.5 MHz associomagnetic. The tw§>%Cu peaks attributed to C2) atoms,
ated with the C(2) atoms; however, their width is broadened that were present at 29.0 and 31.5 MHz prior to deoxygen-
and intensity is significantly reduced relative to those in aation are shifted to a higher frequency rari@@—110 MH2
typical YBCO superconductor such as the parent sample Shs shown in Fig. 5. In agreement with previously reported
This suggests that the local coordination around the Cu hagsults for similarly deoxygenated samples, the antiferromag-
been perturbed. Unlike the deoxygenated sample S5, neetic interaction results in a local hyperfine field at theéZ3u
Cu(2) peaks were observed in the 70—110 MHz range for thaites of 79.470.04 kOe along with a quadrupolar splitting
brominated sample S6. Figurédd# shows the spectrum for of 23.00 and 22.10 MHz fot*Cu and®°Cu, respectively®?°
sample S2, which was the parent pow(®l) subjected only  Upon bromination(sample S§ these high frequency peaks
to the bromination treatment. It is essentially identical to thecompletely disappear. The spectra for three samples with dif-
spectrum for the parent sample S1, except for a small broaderent particle size, S@um), L3 (20 um), and M3(40 um),
ening of the peaks. It can be seen that bromination alonare compared in Figs.(&, (b), and (c), respectively. The
does not result in the severe reduction in the intensity of thehree samples have undergone identical deoxygenation
Cu(2) peaks. (450 °C for 4 h and brominatior{260 °C for3 h) treatments.
Figure 4e) shows the spectrum obtained on sample S3As was the case for the Am sample(S4) described above,
which was deoxygenated at 450 °C for 4 h. The appearanage Cu1) and Cy2) peaks returned to the parent values upon
of several weak and broad peaks indicates the partial résromination for both the 2@m (L3) and 40um (M3)
moval of oxygen. There ar&Cu peaks at 20.5 and 22.1 samples. Again, the GB) peaks were broadened and re-
MHz attributed to C(l) atoms with two @4) nearest neigh- duced in intensity. However, it can be seen that, relative to
bors, and at 29.0 and 31.5 MHz attributed to(8uatoms  the Cu1) peaks, the C{2) peaks increased in intensity as the
when the two @4) sites[second-near @) neighbors relative particle size increased. As mentioned above, magnetometry
to Cu?2)] are filled; this situation indicates regions of the measurements of . indicated that the 4@wm sample was
sample where the oxygen contenyis 7— 6. There are also slightly less deoxygenatelightly larger oxygen conteht
peaks at 28.0 and 30.0 MHz attributed to(Quatoms with  than the 1 and 2@sm samples. The shapes of the (2u

respectively.



10 496 D. M. POTREPKAet al. PRB 60

‘:" 1@ T T Y 0150 (a) ___BaBr, Standard
g I T (b) ......Brominated YBCO
g sigy Br HE
r 08 2 g 7 . T=1K
@ Sy ] : i
T -
R X -
S :
<goaf o9 .
£ &
m - -
£ ozl pj g
N - ]
= 4.5 4.6 4.7 4.8 4.9 5
S B (tesla)
FIG. 7. "81Br spin-echo NMR spectra obtained at 295 K for
fixed frequencyy=52.84 MHz: (X) BaBr, powder,(O) sample S6, s 4 5 '6 —
1-um particle size YBgCu;0, after deoxygenation at 700 °C for 4 y
h and bromination at 260 °C fof h. k(A ™)

) . . FIG. 8. Comparison of the B£-edge XAFSkx(k), taken at 11
peaks for the various particle size samples also suggest the (@) BaBr, (solid line and (b) sample S6(broken ling, 1-um

possibility of a coexistence of a broad contribution from ap,icle size YBCO, after deoxygenation at 700°C for 4 h and
component whose GB) environment has been perturbed promination at 260 °C fo# h.

and a sharp contribution reminiscent of plane sites in a well-

ordered superconductor. photon,E, is the threshold energy, amdis the mass of the

= ol . electron. Five individual scans were averaged for sample S6
F. Brand *'Br nuclear magnetic resonance and two scans were averaged for BaBo improve the

Figure 7 shows thénormalized "°#Br spin-echo NMR  signal-to-noise ratio. The primary frequency oscillations for
spectrum obtained at room temperat(285 K) for the 1um ~ sample S6 and the BaBare in phase, suggesting that the
particle size YBaCu,0, sample(S6), which was deoxygen- immediate near-neighbor environment around Br in sample
ated at 700 °C for 4 h and brominated at 260 °C ¥dr. At S6 is similar to that of BaBr The intensity of the oscilla-
295 K, the sample is in the normal state. For 52.84 MHz, thdions is much larger for BaBrcompared to sample S6
values for y("Br)=10.667 MHz/T and v(®Br) throughout the entiré& range. Due to the backscattering na-
=11.498 MHz/T correspond tunshifted resonance peaks ture of the atoms surrounding Br in BaBthe XAFS signal
at 4.953 T and 4.596 T, respectively. For comparison, th@lso has a minimum near 4.57A (see Fig. & At room
corresponding”®®Br NMR spectrum was measured for temperature, the thermal excitation of the lattice vibrations in
BaBr, powder(see Fig. . The positions of the peaks for the BaBr is substantial due to the low Debye tem_pera?thwd
two spectra are the same; the accuracy of the measuremegintributes to the large thermal disorder which causes the
dictates that any NMR shift of the Samp|e relative to Bﬁsr XAFS signal to dampen significantly. This factor contributes

<0.06%. The quadrupole structure for tA&¥Br lines was  to a significant reduction in the XAFS signal beyond 4.5'A
not resolved. for sample S6 at room temperature as well. However, at 11

K, the only contribution to thermal disorder comes from the
zero-point motion, and appreciable signal out to latgeal-
ues(~8 A1) can be obtained. The reduction in amplitude of
Information concerning the local structure of bromine wasthe XAFS oscillations for sample S6 compared to BaBr
obtained by measurements of the Bredge XAFS on shown in Fig. 8 can be due to either disordef, or reduc-
sample S6 as well as BaBpowder. Because the room- tion in the coordination number. Disorder enters into the
temperature and 200 K XAFS data on the Br showed ver)XAFS expression as a decay term, exgk’s?), while the
weak modulations of the absorption, a commercially avail-coordination number has rfodependence. The large reduc-
able Displex refrigerator was used to cool the sample to 1%ion in the XAFS amplitude throughout the entikerange
K, thus obtaining satisfactory XAFS spectra over sufficientlysuggests that the average coordination number around Br in
wide k range. Data reduction consisted of pre-edge and postample S6 is smaller than that in BaBAlso, it can be seen
edge background subtraction, step-normalization at the edgehat the high-frequency modulatiotisdicated by arrows in
extraction of the XAFSy(k) function, and subsequent Fou- Fig. 8), which arise due to contributions from relatively long
rier transform(FT) from k to r space. The extraction gf(k) scattering pathgboth single scattering as well as multiple
and the FT spectra were performed using MugoBk and  scattering, are much weaker in sample S6 when compared to
FEFFIT routines, respectively, in thewxars 3.0 packagé® BaBr,. This suggests that the contributions of the longer
Figure 8 shows a comparison of tkeveightedy (k) func-  scattering paths are diminished in brominated YBCO.
tion of Br obtained at 11 K for sample S6 and the BaBr A quantitative analysis of the XAFS spectra is obtained
standard. The photoelectron wave veckois given by k by Fourier transformation. Figureg&@ and 9b) show the
=[2m(E—Ey)]Y¥#%, whereE is the energy of the x-ray magnitude and imaginary part of tlkeweighted FT spectra,

G. Br K-edge x-ray-absorption fine structure
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the photoelectrons in the hidregion. Hence the absence of

0.10 T T T T T signal past~4.5 A1 in the room-temperature data reveals
(a) __Banz'Sta"da’dco that no Br atoms occupy the YBCO lattice. An inspection of
e 008 |\ [l Brominated YB the neutron-diffraction data and analysis shows that the pos-
= T=11K sibility of BaBr, precipitates was not included in the Reitveld
Z o006 | . refinement. Furthermore, our XAFS data suggest that the
3 P precipitates are small and hence may be difficult to detect in
2 0.04 | o’ 4 J the diffraction data. It should be noted that the element-
= 4 i specific nature of the XAFS technique reveals the local struc-
E 002 L 4 ture around the Br atoms exclusively and is insensitive to
Ny Piy o long-range order. This allows it to complement the results of
0.00 any conventiona}l diffraction techniques in such complex and
0:08 important materials.
<L 0.04 IV. DISCUSSION AND CONCLUSIONS
;_5 In this work, deoxygenated and brominated ¥8&50,
g 0.00 powder with 1-, 20-, 30-, and 4Qm particle size were stud-
= ied using %3%%Cu NQR and NMR,®#Br NMR, and Br
-0.04 K-edge XAFS measurement techniques. The samples were
) characterized with a combination of XRD, TGA, and SQUID
magnetometry. TGA measurements on bulk YBa&O,_
-0.08 indicated that a nominal oxygen contentyf 6.6, 6.3, 6.2,

and 6.1 results when the deoxygenation is carried out for 4 h
r(A) at 450, 550, 650, and 700 °C, respectively, as a consequence
of oxygen atoms leaving the (@ sites. Estimates for the
FIG. 9. Comparison of Fourier transform kf(k) for the Br ~ 0Xygen content in the powder samples after deoxygenation,
K-edge XAFS taken at 11 K, for BaBfsolid line) and YBCO after ~ which were obtained from the XRD and magnetometry mea-
deoxygenation and brominatiotsample Sp (broken ling: (a) surements, are consistent with the above results on bulk
modulus andb) imaginary part. specimens. There was an indication that the larger particle
size sample(40 um) has a slightly larger oxygen content
respectively, for both sample S6 and BaBit 11 K. The after deoxygenation at 450°C than the 1- and .20-
general appearance of the FT spectra are similar ostdt®  samples. Also, as indicated by XRD and SQUID magnetom-
A, clearly illustrating that the local environment around Br is etry measurements, the orthorhombic YBCO structure be-
similar. The peak heights for BaBare much larger than for comes more tetragonal and the superconductivity is sup-
sample S6. If Br precipitates as small particles of Balgr ~ pressed after deoxygenation. Upon bromination, the YBCO
brominated YBCO, a reduction in peak heights can be exstructure is returned from the tetragonal phase to the ortho-
pected. Br atoms on the surface of the small precipitates hawéombic phase with superconductivity being partially re-
a smaller number of near neighbors, resulting in reducegtored. All of the above characteristics are consistent with
coordination number. Under favorable conditions, detailedprevious studie$:*
fitting analysis of the XAFS spectri@ncluding information A microscopic picture of the deoxygenation/bromination
up to the third or fourth coordination shetlan be utilized to  process was obtained from tA&°Cu NQR and NMR spec-
determine the size and morphology of the precipitat;n  tra for the various samples. For theuin particle size
BaBr,, Br occupies two inequivalent sites with a large dis- YBa,Cu;O, powder deoxygenated at 700 °C for 4 h, the pair
tribution of neighboring Br-Ba and Br-Br distances aboutof peaks at 20.5 and 22.1 MHz, which is attributed®tGu
each site as tabulated in Brackettal3® The information and ®3Cu nuclei, respectively, and results from the (Qu
that can be extracted from the XAFS spectra by nonlineaatoms in the CuO chains, is completely shifted to 28.0 and
fitting to standards is governed by Brillouin’s theorem, and30.0 MHz. Furthermore, a second pair of peaks at 29.0 and
consequently the XAFS data is bandwidth limifédDue to ~ 31.5 MHz, which is attributed t6°Cu and®*Cu nuclei, re-
the complexity of the local structure surrounding Br in spectively, and results from the Q) atoms in the planes, is
BaBr,, a detailed fitting of the XAFS of Br in brominated observed in the 70—110 MHz range. These results indicate
YBCO would require too many adjustable variables andthat for 700 °C, the deoxygenation is essentially complete
hence would be indeterminate. A reasonable estimate frorand approximately one @) atom is removed per YBCO unit
the diminution of the peak heights in the FT spectra suggestsell [two of the four nearest neighbors for @y|. Deoxygen-
that the particle size is in the 10—20 A range. In a neutronation at 450 °C results in a partial removal of th&#Datoms
diffraction study of Br-doped YBCO, Mokhtagt al* sug-  as indicated by the presence of (@uand Cy2) peaks char-
gested that Br occupies the vacan@Dsites in the YBCO acteristic of both “fully deoxygenated” =6+ 6) and
lattice. As mentioned earlier, room-temperature measure-fully oxygenated” (y=7-6) YBCO as well as peaks
ments show negligible signal pasé4.5 AL, Br in the Q4) characteristic of intermediate oxygen content in the 23—-25
sites will be coordinated to the Cu, Y, and Ba atoms of theMHz range. Bromination at 260 °C fdrh restores the Q)
YBCO lattice. These elements are strong backscatterers a@ind Cy2) peaks for the fully deoxygenated and partially
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deoxygenatedy(=6.6) 1-um YBCO powder to the frequen- rently underway. In an attempt to draw out the phase prod-
cies associated with the fully oxygenated parent powderucts which are produced during the bromination treatment, a
However, the heights of the plane Qu peaks are dimin- deoxygenated sample was brominated at 260 °C for an ex-
ished relative to the chain Cl) peaks in the brominated tended time(24 h. The XRD spectra from this sample re-
samples compared to those in the parent material. This sugrealed a broad amorphouslike peak appearing in the 25°-35°
gests that there may be a distortion in the local structure neaange(Cu K« radiatior) which could be attributed to BaBr

the Cy2) sites. Furthermore, the shape of the(Zpeaks in  with small particle size. Also, a strong peak appears at 35.5°
the NQR spectra also suggests the possibility of a coexistwhich is consistent with the most intense peak of tenorite
ence of a broad contribution from a component whos&Cu (CuO). The magnetometer results for field-dependent mag-
environment has been perturbed and a sharp contributionetization indicate the corresponding appearance of a small
reminiscent of the plane sites in a well-ordered parent mateparamagnetic component upon prolonged bromination.
rial. Similar results were obtained for the 20- and 4®  Likely candidates for a paramagnetic reaction product whose
particle size samples, i.e., bromination restored thé1Cu strongest x-ray-diffraction peaks would also appear in the
and Cu2) NQR peaks to the parent peak frequency values25°—35° range would be CuO,,%;, and BaCu@.®’

However, the C(2) peaks exhibited an increase in height A sequence of events may now be proposed which de-
relative to the C() peaks with increased particle size. The scribes the changes observed upon bromination in deoxygen-
restoration of the Q) and Cy2) spectra is attributed to ated YBCO. The bromine creates a local decomposition of
oxygen being returned t@ather than bromine entering into the deoxygenated YBC(@Ref. 38 and, in the process, reacts
the O4) chain sites of the YBCO structure. It is evident that with barium to form barium bromide precipitates with nano-
the equilibrium bromine procedure employed in this workscale dimensions. As a consequence of the decomposition
uses a temperatu@60 °Q which is too low and/or a time reaction, oxygen is liberated, which is then available to re-
(3 h) which is too short for oxygenation to occur without the oxygenate the local regions of deoxygenated YBCO that
presence of bromine. The spectra obtained from previousliave not undergone decomposition and, in doing so, partially
deoxygenated samples before and aftej la treatment at restores superconductivity. The presence of a low density of
260 °C (without the introduction of brominewere essen- very small local regions of decomposition would explain the
tially the same; there was no restoration of the(Tiand reduction in the critical current for the brominated YBCO
Cu(2) peaks. The similarity of the two spectra indicates neg-compared to the parent material. Very recently, experimental
ligible intergranular mobility at this temperatu¢260 °Q in studies of Gorert al® indicated that the halogens F and ClI
YBCO*35 This result underscores the importance of bro-enter the YBCO lattice in compounds prepared using NF
mine in the creation of the proper conditions for the restoraand CCJ, respectively, diluted in )N They suggest that for
tion of the ®3°Cu NQR spectrum and, correspondingly, the diluted gaseous bromine compounds, where reaction condi-
superconductivity. Finally, a comparison of the NQR spectraions are milder than in the direct reaction with,Bthe

for a fully oxygenated parent material before and after bro-oromine may be able to enter the YBCO lattice.

mination revealed no significant differences, indicating that
the bromination procedure has little or no effect on the fully
oxygenated YBCO material.

Additional evidence for the kinds of reactions occurring
and the products formed during the bromination procedure is We wish to acknowledge useful discussions with Ch.
provided by the low-temperature XAFS measurements of th8ernhard, W. G. Clark, D. M. Pease, H. B. Radousky, R.
Br K-edge for the deoxygenated and brominategmi- Stern, R. E. Walstedt, and Y. D. Zhang. We wish to thank M.
YBCO powder sample. These results demonstrate that BPaniel for assistance with XAFS measurements and AFR,
does not occupy any detectable number of sites within thénc. for collaboration in the initial bromination experiments.
YBCO lattice, either as a substitutional or an interstitial The work at the University of Connecticut received funding
atom. Instead, there is a precipitation of nanoscale-size pafrom Connecticut Critical Technologies Grant No.
ticles of BaBs. This is also supported by th@8Br NMR  CII(93G049, Department of Energy Grant No. DE-FGO5-
results which show that the local environment surroundingB9-ER45384, and, in the initial stages of experimentation,
the Br in the deoxygenated and brominatedu- YBCO  from AFOSR-SBIR Grant No. F49620-93-C-0010. Research
sample is similar to that in BaBpowder. Since the NQR for at Brookhaven is supported by the U.S. Department of En-
copper is broadened and distorted, further efforts to explorergy, Office of Basic Energy Sciences, Division of Materials
the local distribution about the Cu site using XAFS are cur-Sciences, under Contract No. DE-AC02-98-CH10886.
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