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Role of bromine in restoring superconductivity in YBa2Cu3Oy
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63,65Cu nuclear quadrupole resonance~NQR!, 63,65Cu and79,81Br nuclear magnetic resonance~NMR!, and Br
K-edge x-ray-absorption fine-structure~XAFS! measurement techniques have been used to study the local
structures of Cu and Br in well-characterized samples of deoxygenated and brominated YBa2Cu3Oy ~YBCO!.
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, and 40mm, 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 BaBr2 precipitates which result
from the local destruction of the YBa2Cu3Oy 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 O~4! chain sites, thus restoring superconductivity.@S0163-1829~99!01838-X#
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I. INTRODUCTION

In studies involving the halogenation of YBa2Cu3Oy

~YBCO!, it has been observed that Cl,1 Br,2–6 and I7 return
the lattice of deoxygenated YBCO from the nonsuperc
ducting tetragonal phase to the orthorhombic phase with
perconductivity being partially restored. In particular, R
dousky et al.2 report that the partially restored phase th
results from the bromination of deoxygenated YBCO yie
a reduced critical currentJc , compared to that of the fully
oxygenated parent YBa2Cu3O72d. In addition, the magnetic
field dependence ofJc which has been observed for suc
brominated materials has stimulated interest because of
tential application in flux-flow studies.5,8 The location of the
Br atoms in the treated material and its effect on the re
ration of superconductivity in deoxygenated YBCO r
mained unexplained until very recently.6 Presented here is
more thorough investigation into the structural properties
brominated YBCO. This study provides a detailed picture
the role of bromine in the partial decomposition of deox
genated YBCO and the restoration of superconductivity
the undecomposed regions of the deoxygenated phase.

Halogens are known to cause some degradation of
YBCO superconductor.1–5,7 X-ray photoelectron spectros
copy binding-energy studies reported by Fukudaet al.9 indi-
cate that bromine inserted into deoxygenated YBCO m
have a chemical environment similar to that in BaBr2. How-
ever, the x-ray photoelectron spectroscopy technique is
face sensitive and may not represent the bulk composit
Their assumptions are, however, also supported by their
man and magnetometry studies. Neutron-diffraction m
surements suggest that the Br atoms occupy vacant O~4! sites
PRB 600163-1829/99/60~14!/10489~11!/$15.00
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in the YBCO lattice, although such experiments are ha
pered by the similarity in the neutron-scattering lengths
oxygen and bromine.4 Also, the broadening of x-ray-
diffraction peaks has been attributed to Br atoms occupy
the interstitial sites in the YBCO lattice;1 however, no direct
evidence exists for this to date. Kemnitzet al.10 have sug-
gested that another halogen, Cl, which partially restores
perconductivity in YBa2Cu3O6.3, causes a local decompos
tion reaction to occur, creating an amorphous product
simultaneously oxygenating the unreacted grain interio
The amorphous nature and nonsuperconducting behavio
much of the resulting sample for high Cl content are seen
evidence for a partial decomposition. They interpret the
corporation of a large amount of chlorine into YBCO
inconsistent with an otherwise unchanged YBCO structu
Studies of chlorine addition to YBa2Cu3O6.2 by Faulques
et al.11 using x-ray photoelectron spectroscopy and x-ray d
fraction indicate that the Cl oxidation number is between21
and 0. This led to the conclusion that chlorine enters vac
cies in BaO planes and promotes diffusion of the oxyg
toward empty O~1! sites, a conclusion that was also su
ported by Raman spectroscopy results.

In order to understand the mechanism by which superc
ductivity is restored, it is important to understand the loc
atomic structures of Cu and Br in the brominated YBC
system. In this work, nuclear quadrupole resonance~NQR!
and nuclear magnetic resonance~NMR! of 63,65Cu, NMR of
79,81Br, and x-ray-absorption fine-structure~XAFS! of the Br
K-edge were utilized to study the local structure in we
characterized powder samples of parent, deoxygenated,
brominated YBa2Cu3Oy . The sample characterization in
cluded: ~1! thermal gravimetric analysis~TGA! to measure
10 489 ©1999 The American Physical Society
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TABLE I. Samples and characteristics.

Sample Composition Preparation Tmax(K) Tc(K) ( M /M p)10 K MFR~%!

S1 YBa2Cu3O6.9 1 mm; parent 86 92 1.00 6.1
S2 YBa2Cu3O6.91Br2 Br2 260 °C, 1

2 h 86 92 1.00 6.1
S3 YBa2Cu3O6.6 He 450 °C, 4 h 48 60 0.26 1.6
S4 YBa2Cu3O6.61Br2 He 450 °C, 4h; Br2 260 °C, 1

2 h 86 92 0.52 3.2
S5 YBa2Cu3O6.1 He 700 °C, 4 h ,5 ,5 0 0
S6 YBa2Cu3O6.11Br2 He 700 °C, 4 h; Br2 260 °C, 1

2 h 86 92 0.35 2.1
S7 YBa2Cu3O6.2 He 675 °C, 8 h
S8 YBa2Cu3O6.2 He 675 °C, 8 h; vac. 260 °C,12 h
S9 YBa2Cu3O6.61O2 He 450 °C, 4 h; O2 560 °C, 4 h 87 92 0.85 5.2

L1 YBa2Cu3O6.9 20 mm; parent 87 93 1.00 7.9
L2 YBa2Cu3O6.6 He 450 °C, 4 h 57 69 0.42 3.3
L3 YBa2Cu3O6.61Br2 He 450 °C, 4 h; Br2 260 °C, 1

2 h 85 92 0.71 5.6
L4 YBa2Cu3O61d He 750 °C, 5 h ,5 ,5 0 0
L5 YBa2Cu3O61d1Br2 He 750 °C, 5 h; Br2 260 °C, 1

4 h 85 93 0.48 3.8

M1 YBa2Cu3O6.9 40 mm; parent 90 93 1.00 100
M2 YBa2Cu3O6.7 He 450 °C, 4 h 58 80 0.46 46
M3 YBa2Cu3O6.71Br2 He 450 °C, 4 h; Br2 260 °C, 1

2 h 90 93 0.85 85

M4 YBa2Cu3O6.9 30 mm; parent 90 92 1.00 79
M5 YBa2Cu3O6.91Br2 Br2 260 °C, 24 h 90 92 1.05 83
M6 YBa2Cu3O6.11Br2 He 700 °C, 4 h; Br2 260 °C, 24 h 82 90 0.18 14

Sample S1~parent!, M p527.731023 emu/g
Sample L1~parent!, M p521.031022 emu/g
Sample M1~parent!, M p521.331021 emu/g
Sample M4~parent!, M p521.031021 emu/g
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the oxygen content after deoxygenation,~2! energy disper-
sive x-ray analysis~EDAX! to monitor the presence of bro
mine after bromination,~3! x-ray diffraction ~XRD! of the
parent, deoxygenated, and brominated samples, and~4! su-
perconducting quantum interference device~SQUID! magne-
tometry to monitor the effect of deoxygenation and bromin
tion on the superconductivity. Values for the nominal oxyg
content, which were assigned to the samples after deoxy
ation, were obtained primarily from the TGA results; how
ever, for comparison, values were also obtained from m
surements of the superconducting transition temperatureTc ,
and lattice parameters. The BrK-edge XAFS experiments o
deoxygenated and brominated YBCO clearly demonst
that bromine does not occupy any detectable number of s
within the YBCO lattice, either as a substitutional or inte
stitial atom. Instead, the XAFS results indicate the prese
of BaBr2 regions with nanoscale dimensions. Furthermo
the 79,81Br NMR measurements show that the local enviro
ment surrounding the Br atoms in brominated YBCO is ve
similar to that for Br in BaBr2.

63,65Cu NQR and NMR spec-
tra obtained from Cu atoms in the chain Cu~1! and plane
Cu~2! sites show that the bromination treatment essenti
restores the spectra from that characteristic of deoxygen
YBCO to that characteristic for a fully oxygenated pare
YBa2Cu3O72d superconductor. However, the intensity of t
plane Cu~2! peaks relative to the chain Cu~1! peaks in the
brominated samples is diminished when compared to th
in the parent material. By using three locally probing me
surement techniques, NQR, NMR, and XAFS, informati
-
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has been obtained concerning the structural changes ind
by the bromination of deoxygenated YBa2Cu3O72d and the
nature of the restoration of the superconducting state.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Sample preparation and characterization

Several powder samples were prepared and characte
for use in the NQR, NMR, and XAFS experiments. Table
lists each sample, along with the corresponding composi
~nominal oxygen content!, particle size, and deoxygenation
bromination treatment. Samples S1 through S9 were p
pared from 99.999% pure YBa2Cu3O72d parent powder ob-
tained from Superconducting Components, Inc., with
oxygen contenty572d56.960.1 and 1-mm particle size.
Samples L1 through L5 were prepared from 99.999% p
YBa2Cu3O72d parent powder obtained from Kurt J. Leske
Inc., with an oxygen contenty572d56.960.1 and 20-mm
particle size. Finally, samples M1 through M6 were prepa
from a YBa2Cu3O72d parent powder with oxygen contenty
572d56.960.1 that was fabricated according to publish
methods.12 The sample was ground and sieved to obtain p
ent powders with 40-mm ~samples M1–M3! and 30-mm
~samples M4–M6! particle size.

Deoxygenation was carried out by heating the sam
powder in a chamber which was first evacuated and t
filled with 99.999% pure He gas that was allowed to flo
through the chamber. Generally speaking, two deoxyg



n
he
d
in
ly

c
-
a
o
u

ne
t i
r
d
o

S

ed

al
w
s

ea
s
w

on
er
ine
o

ox
ac
an
d
,
iz
d
to

sp
e

pr
.
en
la
e

10
i-

rate.
rag-
e
ribed
ing

ition
by

is-
ro-

a
s

uo-
ele-

etail
nto
get
for
ed

tem-
d by
led
r
of
ec-
ed-
of

g
the
sti-
en
r
and
the

the
ob-
and

the
les.

PRB 60 10 491ROLE OF BROMINE IN RESTORING . . .
ation temperatures were used:~1! the relatively low value of
450 °C and~2! higher values near 700 °C. The deoxyge
ation time ranged from 4–8 h. At the conclusion of t
deoxygenation treatment, the sample powder was allowe
cool to room temperature. Bromination was carried out us
an ‘‘equilibrium’’ technique based on a method previous
employed by Radousky and co-workers.2,13 In this proce-
dure, the sample chamber was initially evacuated to a ba
ground pressure of 231026 torr to reduce the effect of con
taminants. The sample powder was heated to 260 °C
then exposed to a source containing liquid bromine at ro
temperature such that during bromination, the total press
in the sample chamber was just the Br2 vapor pressure. Upon
completion of the bromination treatment, the liquid bromi
source temperature was lowered to 77 K by immersing i
liquid N2, which caused the Br2 vapor in the sample chambe
to be reclaimed at the bromine source. The sample pow
was then exposed to an inert He gas flow and cooled to ro
temperature. The typical bromination treatment time was1

2 h.
However, a shorter time of14 h and longer time of 24 h were
also used. Table I shows that sample S7, with a 1-mm par-
ticle size, was deoxygenated at 675 °C for 8 h. Sample
underwent the same deoxygenation treatment as sample
and then was exposed to the same thermal treatment us
bromination~260 °C for 1

2 h! except that it was under vacuum
with no Br2 vapor present.

Estimates for the resulting sample stoichiometry~or
nominal oxygen content! after deoxygenation were made~in-
directly! using a Perkin-Elmer TGA-7 instrument for therm
gravimetric analysis. Initial TGA measurements using po
der samples proved to be uncertain due to large change
mass during the cooldown following the deoxygenation h
treatment. This was attributed to temperature-dependent
face effects. Consequently, subsequent measurements
carried out on small pieces of bulk YBa2Cu3O72d which
were approximately cubic, 2 mm on each side. In additi
samples S2, S4, S6, M5, and M6 were analyzed using en
dispersive x-ray analysis in order to monitor the brom
content. X-ray-diffraction measurements were carried out
the various parent powder samples as well as after the de
genation and bromination treatments using a Phillips diffr
tometer equipped with a single crystal monochrometer
Cu-Ka radiation (l51.5418 Å). The intensity was recorde
as a function of 2Q, Q being the Bragg diffraction angle
using a homemade computer interface. Finally, magnet
tion measurements were performed on the samples liste
Table I using a Quantum Design MPMS SQUID magne
meter.

B. Nuclear quadrupole resonance and nuclear magnetic
resonance

63,65Cu NQR and NMR spectra, as well as79,81Br NMR
spectra, were obtained using a Matec phase-coherent
echo pulse spectrometer. Details concerning the instrum
tation, experimental procedure, and data acquisition are
vided in references 13 and 14 and references therein
conventional double glass dewar system with pumping
abled operation at liquid-He temperatures. In particu
zero-field spin-echo NQR and NMR spectra were obtain
for 63,65Cu nuclei in the chain Cu~1! and plane Cu~2! sites in
-
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YBCO over the frequency ranges 18–34 MHz and 70–1
MHz. In order to initially approximate the tuning and exc
tation conditions, the room-temperature63Cu NQR free in-
duction decay was observed at 26.0 MHz in Cu2O. For the
63,65Cu spectra, a typicaltp/2-t-tp54 ms-60ms-8ms spin-
echo pulse sequence was used with a 0.5-Hz repetition
Spectra were obtained with usable signal-to-noise by ave
ing 100 repetitions.79,81Br NMR measurements were mad
using the same phase-coherent pulse spectrometer desc
above along with an Oxford Instruments superconduct
magnet. The frequency was fixed atn552.84 MHz as the
magnetic field was ramped~swept! from 4.5–5.0 T. For the
79,81Br spectra, a typicaltp/2-t-tp520ms-120ms-40ms
spin-echo pulse sequence was used with a 10-Hz repet
rate. Spectra were obtained with usable signal-to-noise
averaging 5000 repetitions.

C. Extended x-ray-absorption fine structure

The XAFS experiments were carried out in the transm
sion mode at the X-11A beamline of the National Synch
tron Light Source, Brookhaven National Laboratory, using
double-crystal Si~111! monochromator. This beamline ha
instrumentation which can be used to make XAFS and fl
rescence measurements at the absorption edges of the
ments being studied. The apparatus is described in d
elsewhere.13,15For each sample, the powder was rubbed o
Kapton tape which was used to create a stack of layers to
an appropriate edge jump and to avoid systematic errors
the thickness effect. Harmonic rejection was accomplish
by detuning the monochromator to;80% of its peak inten-
sity. In this work, experiments to observe the BrK-edge
were carried out. The measurements were made at room
perature and below; the sample temperature was reduce
two methods. In the first method, the samples were coo
moderately (T;200 K) by attaching them to a coppe
holder, the sample remaining in air, while the other end
the holder was exposed to a liquid-nitrogen bath. In the s
ond method, the samples were mounted in a Displex clos
cycle refrigerator resulting in an approximate temperature
11 K.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Thermal gravimetric analysis

Figure 1 shows the TGA mass loss~in %! versus time for
bulk YBa2Cu3O72d with various fixed temperatures durin
deoxygenation. It can be seen that after 80 min, most of
deoxygenation has occurred. The TGA results yielded e
mates for the nominal oxygen content or number of oxyg
atoms per formula unit ofy'6.6, 6.3, 6.2, and 6.1 afte
deoxygenation at fixed temperatures of 450, 550, 650,
700 °C, respectively. These results were used to make
primary assignments for the nominal oxygen content of
deoxygenated samples listed in Table I. However, values
tained from XRD measurements of the lattice parameters
magnetization measurements ofTc were found to be in good
agreement~see below in Sec. III C and III D, respectively!.

B. Energy dispersive x-ray analysis

Energy dispersive x-ray analysis was used to monitor
Br atoms which were actually incorporated into the samp
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10 492 PRB 60D. M. POTREPKAet al.
The ratio of the Br-L I to Y-L III peak heights~at 1.5 and 1.8
keV, respectively! provided a quantitative comparison of th
Br content between samples. For the three 1-mm YBa2Cu3Oy
samples which underwent the same bromination treatm
~260 °C for 1

2 h!, the EDAX peak-height ratio was 0.1, 0.7
and 0.95 for S2, S4, and S6, respectively. Since sample
was not deoxygenated, the nominal oxygen content way
'6.9. The oxygen content for sample S4, which was deo
genated at 450 °C, wasy'6.6, while that for sample S6
which was deoxygenated at 700 °C wasy'6.1. The EDAX
results clearly indicate a trend of increased bromine abs
tion into the samples for reduced oxygen content. This is a
consistent with the EDAX results from the 30-mm samples
which underwent bromination for 24 h. The peak ratio w
1.0 for sample M5 which was not deoxygenated, while
peak ratio was 3.6 for sample M6 which was deoxygena
at 700 °C for 4 h. The relatively large incorporation of B
into sample M6 is also apparent in the XRD pattern~see
below!.

C. X-ray diffraction

A series of typical XRD spectra obtained in this work a
provided in Fig. 2. Figure 2~a! shows the standard Join
Committee on Powder Diffraction Standards~JCPDS! pow-
der pattern for YBa2Cu3O72d.

16 Also shown are YBa2Cu3Oy
powder patterns for three of the 1-mm particle size samples
sample S1 which is the parent powder withy572d'6.9
@Fig. 2~b!#, sample S5 which was deoxygenated at 700 °C
4 h yielding y'6.1 @Fig. 2~c!#, and sample S6 which wa
deoxygenated like sample S5 and brominated at 260 °C
1
2 h @Fig. 2~d!#. The Miller indices ~hkl! for the principal
YBCO peaks are indicated in Fig. 2~b!. Listed in Table II are
the orthogonal lattice parameters~a, b, and c! which were
obtained by a least-squares fit of the peak positions, al
with the unit-cell volume (V) and degree of orthorhombicit
(OR5200u(b2a)/(b1a)u). The orthorhombic-tetragonal
orthorhombic shift is shown explicitly by the crystallo
graphic data listed in Table II. In agreement with the resu

FIG. 1. Thermal gravimetric analysis measurement of the m
loss from bulk YBa2Cu3O72d versus time during deoxygenation un
der He gas flow for various temperatures:~a! 450 °C,~b! 550 °C,~c!
650 °C, and~d! 700 °C.
nt
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obtained by Radouskyet al.,2 the parent powder, which ha
an orthorhombic structure, becomes more tetragonal~lower
OR! upon deoxygenation, and then returns to the more ort
rhombic ~higher OR! structure after bromination. The sam
trends were also observed for sample S3 which was deo
genated at 450 °C for 4 h yielding y'6.6 and sample S4
which was deoxygenated like sample S3 and brominate
260 °C for 1

2 h @Fig. 2~e!#. The crystallographic data als
provide a measure of the oxygen stoichiometry for the va
ous unbrominated samples as the lattice parameters ca
directly related to the oxygen content.17,18A careful compari-
son of the lattice parameters for the deoxygenated sam
S3 and S5 listed in Table II with the data of Cavaet al.18

supported the values assigned for the oxygen content f
the TGA measurements. As seen in Fig. 2~b!, there are some
small peaks designated bya, b, g, d, and « which are not
associated with the YBCO crystal structure. These are du
a small amount of second phase~s! which came in with the
parent powder. Likely candidates for the second phase~s! in-
clude BaCO3, BaCuO2, Ba2CuO3, Y2O3, CuO, and Cu2O.
Similar second phase peaks were observed for the 20mm

ss

FIG. 2. X-ray-diffraction spectra obtained for the variou
YBa2Cu3Oy samples: ~a! standard JCPDS powder pattern f
YBa2Cu3O72d, see Ref. 16;~b! sample S1, 1-mm particle size par-
ent powder;~c! sample S5, 1-mm powder after deoxygenation a
700 °C for 4 h;~d! sample S6, 1-mm powder after deoxygenation a
700 °C for 4 h and bromination at 260 °C for1

2 h; ~e! sample S4,
1-mm powder after deoxygenation at 450 °C for 4 h and bromina-
tion at 260 °C for1

2 h; ~f! sample L3, 20-mm powder after deoxy-
genation at 450 °C for 4 h and bromination at 260 °C for12 h; ~g!
sample M3, 40-mm powder after deoxygenation at 450 °C for 4
and bromination at 260 °C for12 h; ~h! sample M5, 30-mm powder
after only bromination at 260 °C for 24 h; and~i! sample M6,
30-mm powder after deoxygenation at 700 °C for 4 h and bromina-
tion at 260 °C for 24 h.



PRB 60 10 493ROLE OF BROMINE IN RESTORING . . .
TABLE II. Lattice constants for 1-mm powder samples.

Sample a(Å) b(Å) c(Å) V(Å) OR

Parent
~S1! YBa2Cu3O6.9 3.82~0! 3.87~5! 11.68~0! 172.~9! 1.4

Deoxygenated
~S3! YBa2Cu3O6.6 3.83~0! 3.86~0! 11.74~5! 173.~6! 0.78
~S5! YBa2Cu3O6.1 3.84~0! 3.85~0! 11.77~0! 174.~0! 0.26

Deoxygenated and brominated
~S4! YBa2Cu3O6.61Br 3.82~0! 3.88~0! 11.66~0! 172.~8! 1.6
~S6! YBa2Cu3O6.11Br 3.82~0! 3.87~0! 11.70~0! 172.~9! 1.0

References values
YBa2Cu3O72d

a 3.819 3.886 11.680 173.3 1.7
YBa2Cu3O61d

b 3.853 3.853 11.780 174.9 0

aReference 16.
bReference 17.
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parent powder~L1!; however, there was no trace of a seco
phase in the XRD patterns for the 30- and 40-mm parent
powders~M4 and M1, respectively!.

Figures 2~f! and 2~g! show the XRD powder patterns fo
the 20-mm ~sample L3! and 40-mm ~sample M3! particle size
samples, respectively, which have both undergone deo
genation at 450 °C for 4 h, and then bromination at 260
for 1

2 h. The trend to return the more tetragonal~lower OR!
structure to the more orthorhombic~higher OR! structure
after bromination also occurred for the 20- and 40-mm
samples; however, the 40-mm sample exhibited some add
tional peaks which were inconsistent with the YBa2Cu3O72d
structure. The additional peaks indicate the appearance
second phase after bromination.13

Figure 2~h! shows the XRD powder pattern for the 30-mm
sample M5 which was brominated at 260 °C for 24 h witho
undergoing a prior deoxygenation treatment, while Fig. 2~i!
shows the pattern for the 30-mm sample M6 which was also
brominated for 24 h like sample M5 after undergoing deo
genation at 700 °C for 4 h. Although the parent powd
sample for both of these samples showed no sign of
second phase peaks, such peaks start to appear fo
samples after the long 24-h bromination time~g andd!. Fur-
thermore, sample M6 which was deoxygenated prior to
bromination treatment was altered more drastically th
sample M5 which was not deoxygenated in that:~1! the
YBCO peaks are broadened,~2! the second phase peaks a
more intense, and~3! a broad background appears betwe
25° and 35°. A similar broad background also exists
sample M5; however, it is barely visible. The broad bac
ground is consistent with the existence of nanoscale-size
gions of BaBr2. It is noteworthy that the most intense peak
the XRD pattern for orthorhombic and hexagonal BaBr2 oc-
curs at 29.68°~121! and 30.59°~201!, respectively.

D. Magnetization

Magnetization measurements were used to monitor
onset and fractional amount of superconductivity in the va
ous parent, deoxygenated, and brominated samples~see Fig.
3!. The zero-field-cooled~ZFC! magnetization versus tem
y-
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perature behaviorM (T) in emu/g was obtained for a fixe
magnetic field intensity ofH510 Oe. Four parameters
which are listed in Table I, are defined to characterize
sample superconductivity:~1! Tmax, the temperature at which
M (T) has maximum slope,~2! Tc , the onset temperature fo
superconductivity,~3! (M /M p)10 K , the ZFC magnetization
at T510 K normalized by the value for the parent sample
10 K, which provides a quantitative measure of the degre
suppression and restoration of superconductivity up
deoxygenation and bromination, respectively, and~4! MFR,
the ZFC Meissner fraction. The Meissner fraction was cal
lated using MFR5(2)4pMr/H, wherer is the mass den-
sity. The small Meissner fraction of the parent materials
and L1 cannot be explained by the effect of penetrat
depth alone. However, grain boundaries containing non
ichiometric material can strongly reduce the Meissner fr

FIG. 3. Zero-field-cooled magnetization~in emu/g! versus tem-
perature in a 10-Oe magnetic field for the various 1-mm particle
size YBa2Cu3Oy samples:~a! sample S1, parent powder;~b! sample
S2, after only bromination at 260 °C for12 h; ~c! sample S3, after
deoxygenation at 450 °C for 4 h;~d! sample S4, after deoxygenatio
at 450 °C for 4 h and bromination at 260 °C for1

2 h; and~e! sample
S9, after deoxygenation at 450 °C for 4 h and reoxygenation unde
O2 flow at 560 °C for 4 h.
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10 494 PRB 60D. M. POTREPKAet al.
tion due to weakened coupling between grains within
particles, as reported in Clem19 and Moodenbaughet al.20,21

The presence of small peaks due to such impurities w
found in the x-ray diffraction data for samples S1 and L
but not for the parent material from which M1 and M4 we
derived.13 From an inspection of the four superconductiv
parameters in Table I, it can be seen for the 1-, 20-,
40-mm samples that superconductivity was reduced in
samples deoxygenated at 450 °C~S3, L2, and M2! and com-
pletely suppressed~at least toT55 K) in the samples deoxy
genated at 700–750 °C~S5 and L4!. The value ofTc for the
parent and deoxygenated samples can also be used as a
sure of the oxygen content in YBCO. For example, a cons
eration of the accepted relationship between carrier con
tration ~or oxygen content! andTc for underdoped YBCO as
provided by Birgeneau and Shirane22 indicated that the val-
ues assigned for the oxygen content from the TGA meas
ments for the 1 and 20-mm samples~S3 and L2, respectively!
were consistent, while that for the 40-mm sample~M2! might
be an underestimate by a small amount. Also, from Tabl
it can be seen that a subsequent bromination of the de
genated samples~S4, S6, L3, L5, and M3! resulted in partial
restoration of the superconductivity in agreement with res
reported previously.2,3 In particular, Tmax and Tc returned
essentially to the parent values; however, (M /M p)10 K re-
turned to only a fraction of the parent value. The degree
restoration was smaller for the samples deoxygenate
higher temperature~700–750 °C! and having lower oxygen
content. It is noteworthy that for the sample~S2! with no
deoxygenation prior to the bromination treatment, both
superconducting transition temperature and fraction are
sentially the same as for the parent sample~S1!. Finally, for
the 30-mm samples which underwent a long 24-h bromin
tion, sample M5 with no deoxygenation prior to brominati
showed essentially no change in the superconducting p
erties. However, sample M6 with prior deoxygenati
showed a somewhat lower transition temperature and a d
tically reduced superconducting fraction.

E. 63Cu and 65Cu nuclear quadrupole resonance and nuclear
magnetic resonance

Detailed 63,65Cu NQR studies~18–34 MHz! have been
previously reported for nonbrominated YBa2Cu3Oy with the
oxygen content ranging fromy572d ~superconducting
phase! to y561d ~antiferromagnetic phase!.23–27 In addi-
tion, 63,65Cu NMR studies also exist for the antiferroma
netic phase28,29 over the frequency range 70–110 MHz. A
described above, zero-field spin-echo NQR spectra were
tained in this work at 4.2 K over the frequency range 19.
33.0 MHz. A series of spectra characteristic of the 1-mm
particle size YBa2Cu3Oy samples are presented in Fig.
Figure 4~a! shows the spectrum obtained for the parenty
'6.9) powder sample S1 which is characterized by two p
of peaks.23,27 One pair at 20.5 and 22.1 MHz, which is a
tributed to 65Cu and63Cu nuclei, respectively, results from
the Cu~1! atoms in the CuO chains having four neare
neighbor atoms with two O~4! atoms in the chains and tw
O~1! apical atoms. The second pair at 29.0 and 31.5 M
which is attributed to65Cu and 63Cu nuclei, respectively
results from the Cu~2! atoms in the CuO2 planes. The Cu~2!
e
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atoms have four nearest-neighbor oxygen atoms@two O~2!
and two O~3!# and the symmetry is axial. There is significa
deviation from axial symmetry for the Cu~1! atoms. Figure
4~b! shows the spectrum obtained from sample S5 which w
deoxygenated at 700 °C for 4 h. It can be seen that the pa
peaks at 20.5 and 22.1 MHz associated with the Cu~1! atoms
shift to 28.0 and 30.0 MHz, respectively. This is attributed
the two nearest-neighbor O~4! chain atoms being remove
during the deoxygenation treatment.23,24 Furthermore, the
pair of peaks at 29.0 and 31.5 MHz, associated with
Cu~2! atoms, were observed in the 70–110 MHz range at
K ~see Fig. 5 and discussion below!, which is consistent with
results reported previously for deoxygenated antiferrom
netic YBCO.28,29 Also, Cu~1! peaks associated with the oc
cupation of three nearest-neighbor oxygen sites@two O~1!
and one O~4!# would appear in the 23.0- and 25.0-MH
range. As noted in Fig. 4~b!, measurements in this rang
revealed no detectable signal indicating that the 700
deoxygenation essentially emptied the O~4! sites, one per
unit cell. Figure 4~c! shows the spectrum obtained fro
sample S6 which was deoxygenated like sample S5 and
minated at 260 °C for12 h. At 260 °C, and without the pres
ence of bromine, oxygen should not be able to return to
sample and restore the superconducting state. To con

FIG. 4. 63,65Cu spin-echo NQR spectra obtained at 4.2 K f
various 1-mm particle size YBa2Cu3Oy samples:~a! sample S1, par-
ent powder;~b! sample S5, after deoxygenation at 700 °C for 4
~c! sample S6, after deoxygenation at 700 °C for 4 h and bromina-
tion at 260 °C for 1

2 h; ~d! sample S2, after only bromination a
260 °C for 1

2 h; ~e! sample S3, after deoxygenation at 450 °C for 4
and ~f! sample S4, after deoxygenation at 450 °C for 4 h and bro-
mination at 260 °C for12 h.
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this, a deoxygenated YBCO sample was held at 260 °C
1
2 h in the evacuated bromination chamber~without introduc-
ing Br!. NQR measurements before and after the treatm
showed no change, i.e., the spectra for samples S7 an
were identical. Bromination restores the pair of peaks as
ciated with the Cu~1! atoms to 20.5 and 22.1 MHz~four
nearest-neighbor oxygen atoms!, suggesting that oxygen re
turns to the O~4! chain sites. This could be due to redistrib
tion of the oxygen in the sample after the bromination tre
ment, and could account for the partial restoration
superconductivity observed in the magnetometer result~a
model is presented in Sec. IV!. In addition, there is a reap
pearance of the pair of peaks at 29.0 and 31.5 MHz ass
ated with the Cu~2! atoms; however, their width is broadene
and intensity is significantly reduced relative to those in
typical YBCO superconductor such as the parent sample
This suggests that the local coordination around the Cu
been perturbed. Unlike the deoxygenated sample S5
Cu~2! peaks were observed in the 70–110 MHz range for
brominated sample S6. Figure 4~d! shows the spectrum fo
sample S2, which was the parent powder~S1! subjected only
to the bromination treatment. It is essentially identical to
spectrum for the parent sample S1, except for a small bro
ening of the peaks. It can be seen that bromination al
does not result in the severe reduction in the intensity of
Cu~2! peaks.

Figure 4~e! shows the spectrum obtained on sample
which was deoxygenated at 450 °C for 4 h. The appeara
of several weak and broad peaks indicates the partial
moval of oxygen. There are65,63Cu peaks at 20.5 and 22.
MHz attributed to Cu~1! atoms with two O~4! nearest neigh-
bors, and at 29.0 and 31.5 MHz attributed to Cu~2! atoms
when the two O~4! sites@second-near O~4! neighbors relative
to Cu~2!# are filled; this situation indicates regions of th
sample where the oxygen content isy572d. There are also
peaks at 28.0 and 30.0 MHz attributed to Cu~1! atoms with

FIG. 5. 63,65Cu zero-field spin-echo NMR spectra obtained at 1
K for the 1-mm particle size YBa2Cu3Oy sample~S5! after deoxy-
genation at 700 °C for 4 h. The antiferromagnetic ordering result
a 79.4760.04 kOe hyperfine field at the Cu~2! sites along with the
quadrupolar splitting of 23.00 and 22.10 MHz for63Cu and65Cu,
respectively.
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zero O~4! nearest neighbors, characteristic of sample regi
where y'6.0. In addition, there are peaks in the 23.0 a
25.0 MHz range attributed to Cu~1! atoms with one O~4!
nearest-neighbor indicating sample regions with intermed
oxygen content. Finally, Fig. 4~f! shows the spectrum ob
tained on sample S4 which was deoxygenated at 450 °C
sample S3 and brominated at 260 °C for1

2 h. Again, it can be
seen that bromination restores the peaks to the parent~S1!
values with the Cu~2! peaks being broadened and signi
cantly reduced in intensity.

Following deoxygenation at 700 °C, sample S5 is antif
romagnetic. The two65,63Cu peaks attributed to Cu~2! atoms,
that were present at 29.0 and 31.5 MHz prior to deoxyg
ation are shifted to a higher frequency range~70–110 MHz!
as shown in Fig. 5. In agreement with previously repor
results for similarly deoxygenated samples, the antiferrom
netic interaction results in a local hyperfine field at the Cu~2!
sites of 79.4760.04 kOe along with a quadrupolar splittin
of 23.00 and 22.10 MHz for63Cu and65Cu, respectively.28,29

Upon bromination~sample S6!, these high frequency peak
completely disappear. The spectra for three samples with
ferent particle size, S4~1mm!, L3 ~20 mm!, and M3~40 mm!,
are compared in Figs. 6~a!, ~b!, and ~c!, respectively. The
three samples have undergone identical deoxygena
~450 °C for 4 h! and bromination~260 °C for 1

2 h! treatments.
As was the case for the 1-mm sample~S4! described above
the Cu~1! and Cu~2! peaks returned to the parent values up
bromination for both the 20-mm ~L3! and 40-mm ~M3!
samples. Again, the Cu~2! peaks were broadened and r
duced in intensity. However, it can be seen that, relative
the Cu~1! peaks, the Cu~2! peaks increased in intensity as th
particle size increased. As mentioned above, magnetom
measurements ofTc indicated that the 40-mm sample was
slightly less deoxygenated~slightly larger oxygen content!
than the 1 and 20-mm samples. The shapes of the Cu~2!

in

FIG. 6. 63,65Cu spin-echo NQR spectra obtained at 4.2 K f
various particle size YBa2Cu3Oy samples after deoxygenation a
450 °C for 4 h and bromination at 260 °C for1

2 h; ~a! sample S4, 1
mm, ~b! sample L3, 20mm, and~c! sample M3, 40mm.
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10 496 PRB 60D. M. POTREPKAet al.
peaks for the various particle size samples also sugges
possibility of a coexistence of a broad contribution from
component whose Cu~2! environment has been perturbe
and a sharp contribution reminiscent of plane sites in a w
ordered superconductor.

F. 79Br and 81Br nuclear magnetic resonance

Figure 7 shows the~normalized! 79,81Br spin-echo NMR
spectrum obtained at room temperature~295 K! for the 1-mm
particle size YBa2Cu3Oy sample~S6!, which was deoxygen-
ated at 700 °C for 4 h and brominated at 260 °C for1

2 h. At
295 K, the sample is in the normal state. For 52.84 MHz,
values for g( 79Br)510.667 MHz/T and g( 81Br)
511.498 MHz/T correspond to~unshifted! resonance peak
at 4.953 T and 4.596 T, respectively. For comparison,
corresponding79,81Br NMR spectrum was measured fo
BaBr2 powder~see Fig. 7!. The positions of the peaks for th
two spectra are the same; the accuracy of the measure
dictates that any NMR shift of the sample relative to BaBr2 is
<0.06%. The quadrupole structure for the79,81Br lines was
not resolved.

G. Br K-edge x-ray-absorption fine structure

Information concerning the local structure of bromine w
obtained by measurements of the BrK-edge XAFS on
sample S6 as well as BaBr2 powder. Because the room
temperature and 200 K XAFS data on the Br showed v
weak modulations of the absorption, a commercially av
able Displex refrigerator was used to cool the sample to
K, thus obtaining satisfactory XAFS spectra over sufficien
wide k range. Data reduction consisted of pre-edge and p
edge background subtraction, step-normalization at the e
extraction of the XAFSx(k) function, and subsequent Fou
rier transform~FT! from k to r space. The extraction ofx(k)
and the FT spectra were performed using theAUTOBK and
FEFFIT routines, respectively, in theUWXAFS 3.0 package.30

Figure 8 shows a comparison of thek-weightedx(k) func-
tion of Br obtained at 11 K for sample S6 and the BaB2
standard. The photoelectron wave vectork is given by k
5@2m(E2E0)#1/2/\, where E is the energy of the x-ray

FIG. 7. 79,81Br spin-echo NMR spectra obtained at 295 K f
fixed frequencyn552.84 MHz: (3) BaBr2 powder,~O! sample S6,
1-mm particle size YBa2Cu3Oy after deoxygenation at 700 °C for
h and bromination at 260 °C for12 h.
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photon,E0 is the threshold energy, andm is the mass of the
electron. Five individual scans were averaged for sample
and two scans were averaged for BaBr2 to improve the
signal-to-noise ratio. The primary frequency oscillations
sample S6 and the BaBr2 are in phase, suggesting that th
immediate near-neighbor environment around Br in sam
S6 is similar to that of BaBr2. The intensity of the oscilla-
tions is much larger for BaBr2 compared to sample S
throughout the entirek range. Due to the backscattering n
ture of the atoms surrounding Br in BaBr2, the XAFS signal
also has a minimum near 4.5 Å21 ~see Fig. 8!. At room
temperature, the thermal excitation of the lattice vibrations
BaBr2 is substantial due to the low Debye temperature31 and
contributes to the large thermal disorder which causes
XAFS signal to dampen significantly. This factor contribut
to a significant reduction in the XAFS signal beyond 4.5 Å21

for sample S6 at room temperature as well. However, at
K, the only contribution to thermal disorder comes from t
zero-point motion, and appreciable signal out to largerk val-
ues~;8 Å21! can be obtained. The reduction in amplitude
the XAFS oscillations for sample S6 compared to BaB2
shown in Fig. 8 can be due to either disorder,s2, or reduc-
tion in the coordination number. Disorder enters into t
XAFS expression as a decay term, exp(22k2s2), while the
coordination number has nok dependence. The large redu
tion in the XAFS amplitude throughout the entirek range
suggests that the average coordination number around B
sample S6 is smaller than that in BaBr2. Also, it can be seen
that the high-frequency modulations~indicated by arrows in
Fig. 8!, which arise due to contributions from relatively lon
scattering paths~both single scattering as well as multip
scattering!, are much weaker in sample S6 when compared
BaBr2. This suggests that the contributions of the long
scattering paths are diminished in brominated YBCO.

A quantitative analysis of the XAFS spectra is obtain
by Fourier transformation. Figures 9~a! and 9~b! show the
magnitude and imaginary part of thek-weighted FT spectra

FIG. 8. Comparison of the BrK-edge XAFS,kx(k), taken at 11
K: ~a! BaBr2 ~solid line! and ~b! sample S6~broken line!, 1-mm
particle size YBCO, after deoxygenation at 700 °C for 4 h a
bromination at 260 °C for12 h.
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PRB 60 10 497ROLE OF BROMINE IN RESTORING . . .
respectively, for both sample S6 and BaBr2 at 11 K. The
general appearance of the FT spectra are similar out to;4.5
Å, clearly illustrating that the local environment around Br
similar. The peak heights for BaBr2 are much larger than fo
sample S6. If Br precipitates as small particles of BaBr2 in
brominated YBCO, a reduction in peak heights can be
pected. Br atoms on the surface of the small precipitates h
a smaller number of near neighbors, resulting in redu
coordination number. Under favorable conditions, detai
fitting analysis of the XAFS spectra~including information
up to the third or fourth coordination shell! can be utilized to
determine the size and morphology of the precipitate.32 In
BaBr2, Br occupies two inequivalent sites with a large d
tribution of neighboring Br-Ba and Br-Br distances abo
each site as tabulated in Brackettet al.33 The information
that can be extracted from the XAFS spectra by nonlin
fitting to standards is governed by Brillouin’s theorem, a
consequently the XAFS data is bandwidth limited.34 Due to
the complexity of the local structure surrounding Br
BaBr2, a detailed fitting of the XAFS of Br in brominate
YBCO would require too many adjustable variables a
hence would be indeterminate. A reasonable estimate f
the diminution of the peak heights in the FT spectra sugg
that the particle size is in the 10–20 Å range. In a neutr
diffraction study of Br-doped YBCO, Mokhtariet al.4 sug-
gested that Br occupies the vacant O~4! sites in the YBCO
lattice. As mentioned earlier, room-temperature meas
ments show negligible signal past;4.5 Å21. Br in the O~4!
sites will be coordinated to the Cu, Y, and Ba atoms of
YBCO lattice. These elements are strong backscatterer

FIG. 9. Comparison of Fourier transform ofkx(k) for the Br
K-edge XAFS taken at 11 K, for BaBr2 ~solid line! and YBCO after
deoxygenation and bromination~sample S6! ~broken line!: ~a!
modulus and~b! imaginary part.
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the photoelectrons in the highk region. Hence the absence o
signal past;4.5 Å21 in the room-temperature data revea
that no Br atoms occupy the YBCO lattice. An inspection
the neutron-diffraction data and analysis shows that the p
sibility of BaBr2 precipitates was not included in the Reitve
refinement.4 Furthermore, our XAFS data suggest that t
precipitates are small and hence may be difficult to detec
the diffraction data. It should be noted that the eleme
specific nature of the XAFS technique reveals the local str
ture around the Br atoms exclusively and is insensitive
long-range order. This allows it to complement the results
any conventional diffraction techniques in such complex a
important materials.

IV. DISCUSSION AND CONCLUSIONS

In this work, deoxygenated and brominated YBa2Cu3Oy
powder with 1-, 20-, 30-, and 40-mm particle size were stud
ied using 63,65Cu NQR and NMR,79,81Br NMR, and Br
K-edge XAFS measurement techniques. The samples w
characterized with a combination of XRD, TGA, and SQU
magnetometry. TGA measurements on bulk YBa2Cu3O72d
indicated that a nominal oxygen content ofy56.6, 6.3, 6.2,
and 6.1 results when the deoxygenation is carried out for
at 450, 550, 650, and 700 °C, respectively, as a consequ
of oxygen atoms leaving the O~4! sites. Estimates for the
oxygen content in the powder samples after deoxygenat
which were obtained from the XRD and magnetometry m
surements, are consistent with the above results on b
specimens. There was an indication that the larger part
size sample~40 mm! has a slightly larger oxygen conten
after deoxygenation at 450 °C than the 1- and 20-mm
samples. Also, as indicated by XRD and SQUID magneto
etry measurements, the orthorhombic YBCO structure
comes more tetragonal and the superconductivity is s
pressed after deoxygenation. Upon bromination, the YB
structure is returned from the tetragonal phase to the or
rhombic phase with superconductivity being partially r
stored. All of the above characteristics are consistent w
previous studies.1–4

A microscopic picture of the deoxygenation/brominati
process was obtained from the63,65Cu NQR and NMR spec-
tra for the various samples. For the 1-mm particle size
YBa2Cu3Oy powder deoxygenated at 700 °C for 4 h, the p
of peaks at 20.5 and 22.1 MHz, which is attributed to65Cu
and 63Cu nuclei, respectively, and results from the Cu~1!
atoms in the CuO chains, is completely shifted to 28.0 a
30.0 MHz. Furthermore, a second pair of peaks at 29.0
31.5 MHz, which is attributed to65Cu and63Cu nuclei, re-
spectively, and results from the Cu~2! atoms in the planes, is
observed in the 70–110 MHz range. These results indic
that for 700 °C, the deoxygenation is essentially compl
and approximately one O~4! atom is removed per YBCO uni
cell @two of the four nearest neighbors for Cu~1!#. Deoxygen-
ation at 450 °C results in a partial removal of the O~4! atoms
as indicated by the presence of Cu~1! and Cu~2! peaks char-
acteristic of both ‘‘fully deoxygenated’’ (y561d) and
‘‘fully oxygenated’’ (y572d) YBCO as well as peaks
characteristic of intermediate oxygen content in the 23–
MHz range. Bromination at 260 °C for12 h restores the Cu~1!
and Cu~2! peaks for the fully deoxygenated and partia
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10 498 PRB 60D. M. POTREPKAet al.
deoxygenated (y'6.6) 1-mm YBCO powder to the frequen
cies associated with the fully oxygenated parent powd
However, the heights of the plane Cu~2! peaks are dimin-
ished relative to the chain Cu~1! peaks in the brominated
samples compared to those in the parent material. This
gests that there may be a distortion in the local structure n
the Cu~2! sites. Furthermore, the shape of the Cu~2! peaks in
the NQR spectra also suggests the possibility of a coex
ence of a broad contribution from a component whose Cu~2!
environment has been perturbed and a sharp contribu
reminiscent of the plane sites in a well-ordered parent m
rial. Similar results were obtained for the 20- and 40-mm
particle size samples, i.e., bromination restored the Cu~1!
and Cu~2! NQR peaks to the parent peak frequency valu
However, the Cu~2! peaks exhibited an increase in heig
relative to the Cu~1! peaks with increased particle size. Th
restoration of the Cu~1! and Cu~2! spectra is attributed to
oxygen being returned to~rather than bromine entering into!
the O~4! chain sites of the YBCO structure. It is evident th
the equilibrium bromine procedure employed in this wo
uses a temperature~260 °C! which is too low and/or a time
~1

2 h! which is too short for oxygenation to occur without th
presence of bromine. The spectra obtained from previou
deoxygenated samples before and after a1

2 h treatment at
260 °C ~without the introduction of bromine! were essen-
tially the same; there was no restoration of the Cu~1! and
Cu~2! peaks. The similarity of the two spectra indicates ne
ligible intergranular mobility at this temperature~260 °C! in
YBCO.35,36 This result underscores the importance of b
mine in the creation of the proper conditions for the resto
tion of the 63,65Cu NQR spectrum and, correspondingly, t
superconductivity. Finally, a comparison of the NQR spec
for a fully oxygenated parent material before and after b
mination revealed no significant differences, indicating t
the bromination procedure has little or no effect on the fu
oxygenated YBCO material.

Additional evidence for the kinds of reactions occurri
and the products formed during the bromination procedur
provided by the low-temperature XAFS measurements of
Br K-edge for the deoxygenated and brominated 1-mm
YBCO powder sample. These results demonstrate tha
does not occupy any detectable number of sites within
YBCO lattice, either as a substitutional or an interstit
atom. Instead, there is a precipitation of nanoscale-size
ticles of BaBr2. This is also supported by the79,81Br NMR
results which show that the local environment surround
the Br in the deoxygenated and brominated 1-mm YBCO
sample is similar to that in BaBr2 powder. Since the NQR fo
copper is broadened and distorted, further efforts to exp
the local distribution about the Cu site using XAFS are c
.
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rently underway. In an attempt to draw out the phase pr
ucts which are produced during the bromination treatmen
deoxygenated sample was brominated at 260 °C for an
tended time~24 h!. The XRD spectra from this sample re
vealed a broad amorphouslike peak appearing in the 25°–
range~Cu Ka radiation! which could be attributed to BaBr2
with small particle size. Also, a strong peak appears at 35
which is consistent with the most intense peak of teno
~CuO!. The magnetometer results for field-dependent m
netization indicate the corresponding appearance of a s
paramagnetic component upon prolonged brominati
Likely candidates for a paramagnetic reaction product wh
strongest x-ray-diffraction peaks would also appear in
25°–35° range would be CuO, Y2O3, and BaCuO2.

37

A sequence of events may now be proposed which
scribes the changes observed upon bromination in deoxy
ated YBCO. The bromine creates a local decomposition
the deoxygenated YBCO~Ref. 38! and, in the process, reac
with barium to form barium bromide precipitates with nan
scale dimensions. As a consequence of the decompos
reaction, oxygen is liberated, which is then available to
oxygenate the local regions of deoxygenated YBCO t
have not undergone decomposition and, in doing so, parti
restores superconductivity. The presence of a low densit
very small local regions of decomposition would explain t
reduction in the critical current for the brominated YBC
compared to the parent material. Very recently, experime
studies of Gorenet al.39 indicated that the halogens F and C
enter the YBCO lattice in compounds prepared using N3
and CCl4, respectively, diluted in N2. They suggest that for
diluted gaseous bromine compounds, where reaction co
tions are milder than in the direct reaction with Br2, the
bromine may be able to enter the YBCO lattice.
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