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The scope of the work as stated in the contract was 

"Scope of Work; Provide the necessary personnel, equipment and facilities to support Brookhaven 
1) in the formation, development and operations of a Participating Research Team (P.R.T.) for the 
High Resolution Neutron Powder Diffractometer (HRNPD), 2) the development and effective 
operation of a General User's program for the HRNPD, and 3) development of a core research 
program. This work is more fully described in the proposal entitled "A High Resolution Neutron 
Power Diffractometer", which was submitted to the Department of Energy on 9 April 1991 and is 
hereby incorporated by reference." 

THE PARTICIPATING RESEARCH TEAM 

Although The HRNPD did not become fully operational until 1994, the PRT was formed and had its 
first formal meeting on 23 August 1991. Formal meetings were held annually through 1994. 
Membership was drawn from industry, academe, and government laboratories. Appendix A-l is a 
list of the initial PRT members (1990) showing their affiliations and particular interests. Appendix 
A-2 is a list of the PRT members as of 15 November 1994. Industry members made regular 
contributions of money to be used for equipment and special personal services in support of the 
HRNPD project. One contribution was for the purchase of a VaxStation 4000/90 with many 
peripherals (~$20 K from Air Products) to be housed at BNL for the use of all HRNPD users. The 
software license fees have been paid regularly from the money allocatd to this project. The PRT 
members from the non-industry sectors also made substantial contributions, mostly of an 'in kind' 
nature. 

THE GENERAL USERS PROGRAM 

Development of this program included activities intended to inform potential users of the capabilities 
of the HRNPD and conditions of its availability. The conditions were determined by the PRT in 
concert with HFBR-BNL management. All (or nearly) PRT members contributed to the information 
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activities. They included personal contacts, talks given at meetings, items in newsletters of scientific 
societies and in related journals, and some direct mailings. 

Appendix B-l is a copy of an announcement (dated 24 February 1994) that was sent to all HFBR 
users, all users-of-record of the DBWS Rietveld Analysis program (about 300 persons), and to the 
ACA Newsletter, the MRS Bulletin, the BCA Crystallography News, the newsletter of the IUCr 
Commission on Powder diffraction (circulation > 1,000)1, and the Journal of Applied Crystallography. 
It was also put on some electronic bulletin boards (e.g., Association Francaise de Cristallographie). 

These various efforts did produce some results, but not nearly enough to fully subscribe the HRNPD's 
potential time operating in the 'highest and best' mode for which it had been designed. This fact led 
to a relaxation of our requirements of users (only experiments which would truly benefit from the high 
resolution and with the concerned scientist present, thus becoming personally a bono fide member 
of a growing HRNPD 'family'). With a certain skepticism on the part of at least many of the PRT 
members, it was agreed that a 'mail order' system would be allowed on a one-year trial basis. In this 
system, the "user" would send in his sample, a technician would run it using a moderate (only) 
resolution mode (that would take less time), and the data would be sent back to the sample owner. 
This task, of course, has become moot with the shutdown of the HFBR. 

CORE RESEARCH P R O G R A M 

By the time the HRNPD began regular productive operation in 1994, our plans for our own research 
program with HRNPD data had deflated to just two, possibly do-able, things: (1) A systematic study 
of PZT and PZN samples to determine the role(s) of specific dopants in affecting relative phase 
composition in the multiphase sample and on microstructure. (2) A renewed effort to pin down the 
precise location and orientation of the C0 3

2" ion(s) in A-type carbonate apatite. 

PZT and PZN 

Clearly, a substantial number of the multiphase samples prepared under different conditions of 
temperature and doping were needed. A paper based on x-ray data to 'scout out the territory' was 
presented as a poster at the 1996 Denver X-ray Diffraction Conference. The abstract is included here 
as Appendix C-l. 

The samples prepared for the HRNPD part of the study, 14 in number, were provided by Prof. Carlos 
O. Paiva-Santos of Brazil. He brought them along when he came for a brief Senior Postdoctoral term 
with me in mid 1994. We came to the HRNPD for 4 days in July of 1994. One sample was run while 
we were there. We left the other 13 on the promise that they would be done by the instrument 
scientist and the results sent to us "soon". They were all to be done in the high resolution mode so 
that we could better distinguish the features of the many separate phases in each sample and could 
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have some chance to assess differences in microstructure characteristics. After many reminders to the 
Instrument Scientist, we finally received the remainder of data (much of it sent directly to Brazil with 
no copy to me, my requests notwithstanding) from 10 to 17 months later. Only 4 of the 14 data sets 
had been collected in the specified high resolution mode. 

In June and July of this year (1998) Prof. Paiva-Santos spent 6-weeks here (at Georgia Tech) 
working intensively on the PZT and PZN studies using the the new, fast PC (333 MHz Pentium II) 
bought for the purpose. Thanks to that combination, the Rietveld refinements yielding both crystal 
structure details and the relative amounts of the various phases present in each sample have been 
completed. An interim report from Prof. Paiva-Santos is included here as Appendix C-2. Appendix 
C-3 is a draft of a report on more extended analyses of three of the samples. It is indicative of the 
kind of write-up that is planned for all of the work. 

Carbonate i o n ^ in 'pure' A-tvpe carbonated apatite 

Real progress has been evidenced on this problem in the last several months. In order to mark the 
importance of that progress, the next several paragraphs are devoted to background information 
which otherwise would be of little interest in this report. 

The problem is important because 'carbonate' is present in the apatititic body of human tooth enamel 
(as well as in mineral apatites) and is implicated in increased solubility of apatite and, by extension, 
a possible role in the formation of dental caries. An atomic scale mechanism for this effect on 
solubility has not been proven (postulates have been made), in part because the precise location(s) 
and orientation(s) of the carbonate ions have not been clearly demonstrated. Obviously, a definitive 
crystallographic study is needed. 

For more than 20 years, Dr.Elliott and I, as well as others in the biological and mineral apatite 
communities had 'known' that C 0 3 ions would substitute into hydroxyapatite, Ca 1 0(PO 4) 6(OH) 2, in 
two distinctly different sites, called A and B. It was generally agreed that the A site for the carbonate 
ion was in the channel surrounded by the Ca(2) 2 + ions while the B site was involved, somehow, with 
the P 0 4 groups. Dr. Elliott and I had made many studies over those years trying to locate precisely 
the location and orientation of the carbonate ions in the A sites. But the results were only suggestive, 
not definitive. There was no direct proof, such as only a superior diffraction experiment could yield. 
There are two main parts to the challenge. 

First, it is difficult to make a sample of sufficiently pure A-type carbonate apatite and impossible to 
make single crystals of usable size. It is also difficult to make a sample in which the C 0 3 is not in 6-
fold (at least) disorder about the screw axis which the channel surrounds. Working with a very 
special sample ("Y86A") from the Toulouse group, some 20 years ago Dr. Elliott showed (J. C. 
Elliott, G. Bonel and J. C. Trombe, 1980, J. Appl. Cryst. 13, 618-621) that when C 0 3 "completely" 
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replaces the OH it becomes well ordered with one C0 3 per cell and the crystal symmetry is reduced 
from P63 /m to P2!/c. The preparation of that sample required (1) that the C 0 2 sixeam be dried by 
passing through 5 feet of phosphorus pentoxide before reaching the hydroxyapatite sample held at 
1170 K in an isolation chamber for several days and (2) a bit of luck. We have never been able to 
duplicate the conditions completely either in my lab in Atlanta or in Dr. Elliott's lab in London. 

Second, the detail we need to elucidate is a 'needle in a haystack'. The cheannel is bordered by 
oxygen atoms as well as calcium atoms, which adds difficulty to locating precisely the O atoms of the 
(or a) C0 3 in the channel. Certainly, the C0 3 must exert some displacement influence on those 
bordering O atoms and they on it. The C0 3 ion shape is likely to be somewhat distorted, as is 
suggested by i.r. studies. Finally, the C is only one atom out of 44 in the unit cell and scatters x-rays 
only weakly. 
Although it would be relatively easy to solve this structural problem with single crystal diffraction 
data, having only powder diffraction data and a low symmetry crystal presented a major challenge. 

In late September 1989 we had obtained a good set of data from the SRS at Daresbury on the Y86A 
sample, even though the sample was very small (some milligrams). Extensive Rietveld refinement did 
not produce a definitive answer. (As one well known wag in the crystallographic community said, 
"Perhaps you are expecting too much of a wiggly line.") 

In the hope that Rietveld refinement with combined neutron and synchrotron X-ray data sets, such 
as can be carried out with the Larson and Von Dreele GSAS program, could be done we eagerly 
awaited the arrival 'on line' of the HRNPD. Its high resolution would be very important in view of 
the plethora of Bragg reflections from this monoclinic (~7 x 9 x 18 A) structure. However, the Y86A 
sample was much to small, so Dr. Dowker (Elliott's close colleague for many years on apatite and 
tooth enamel studies) set about making another, larger sample. She eventually acheived a useable 
success: a multigram sample containing fully or nearly fully carbonated apatite and about 4-5% (only) 
of a second phase, tricalcium phosphate. We labeled this smaple material Y309 and in July 1994 
obtained a set of powder diffraction data from it with the HRNPD operating in high resolution mode. 
Initial efforts at Rieteld refinement showed that we needed to use some system of constraints on bond 
lengths and angles to keep the refinement from just producing nonsense. We had had suspicions about 
this need in our earlier attempts at RR (Rietveld refinement) with the SRS data on Y86A Suspicions 
confirmed, we started learning something about GSAS so that we could use its soft constraints 
option. 

An opportunity for the three of us to spend a week together working on the problem arose in July 
1995 (in London). We worked through the tedious task of introducing the soft constraints. We then 
hoped to do refinements with both sets of data (SRS for Y86a and HRNPD for Y309) 
simultaneously. We eventually had to conclude that the small differences in lattice parameters for 
the two samples precluded meaningful simultaneous refinement. We would have to get some 
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synchrotron x-ray data on Y309. 

Dr. D. E. Cox kindly provided a set of such data from X7A (NSLS) for sample Y309B in February 
of 1996. They did not seem to mimic the SRS data on Y86A as well as expected. I was not able to 
get even a moderately good fit in RR. Certain 'peaks' seemed just not to fit as they should. 
Following some discussion, Dr. Cox kindly provided another set of data in November 1996 from the 
same specimen, this time mounted in a capillary. Rather unwisely, we initially misjudged the better 
quality of this second set of data and did not work it into our system until Elliott and Dowker were 
here for an intensive, 16-day work period on this problem in August of 1998. The power of the new 
computer was a great asset. It turned out that this, the second set from X7A was the good one. Then, 
at last, things began to fit together. We could now compare RR results from sample Y86A (SRS 
data) with those from Y309B obtained from NSLS-X7A data (Nov. 96) and the HRNPD data. 

Although much detailed calculation remains to be done, we now know that we do have valid new 
information of publishable quality. The important points are: 

(1) Comparisons of scattering-density sectional maps for x-rays and for neutrons show directly that 
the C of the C03 ion is, indeed, in the channel and is close to the screw axis a little above (or below) 
what would have been a mirror plane if the symmetry were still P63/m. A key factor here is that, 
relative to scattering from the other atoms present, the scattering of neutrons from the C atoms(s)is 
much stronger than that of X-rays (b = 0.66 x 10"12 cm for C and 0.58 x 10' 1 2 cm for O). 

(2) In Y86A (the most fully carbonated and most nearly pure sample) there is only one C 0 3 position, 
while in Y309B the C 0 3 ions are distributed between two positions distributed roughly as above and 
below z = 0.5 in unequal portions. That distribution is to be interpreted as different orientations in 
different cells, with, still, no more than one C 0 3 per cell. The model is that vacancies or OH 
(or other 'impurities') permit reversal of the orientation of the C0 3's which otherwise would not be 
able to reverse orientation independently of each other. 

(3) The positions of the oyxgen atoms in the C 0 3 groups are such that the plane (perhaps not quite 
planar and not all O-C-O angles equal) of the C 0 3 ion is nearly parallel to the screw axis (c direction) 
as was indicated by Elliott's i.r. measurements many years ago. 

Full details of the O positions have yet to be fully worked out. The process is slow, laborious, because 
judicial use must be made of the soft constraints applied and the least squares system seems ever 
ready to head toward unrealistic results. But we are encouraged to believe that we will be able to 
obtain crystallographically 'respectable' results in detail with the data now in hand. Those results can 
then be used to improve mechanistic understanding at the atomic scale of how it is that C 0 3 affects 
solubility of the host structure. 
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APPENDIX A-l 

S. Cargill 
Sr. Mgr., Materials 

D. Cox 
Sr. Physicist 
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Superconducting oxides, 
oxygen locations and ordering, 
amorphous materials 

Materials with unusual properties, 
phase transitions, zeolites, methods 

Synthetic superlattices, strain, 
removal of H backgound 

Complex zeolites, framework cation 
ordering, sorbed species 

Phase transitions at extreme P & T 
with subtle structural changes, 
order-disorder in minerals 

New solid-state materials, hi-temp 
superconducting and other o3ddes 

Activated aluminas, superlattices, hi-
TC superconductors with Bi & Th, 
ceramics 

Role of 0 in hi-Tc materials, phase 
transformations in finely powdered 
alloy systems, icosohedral alloys, 
2nd order & martensitic transforma­
tions, further development of the 
Rietveld method for high resolution 

Inclusion non-linear optic materials 
with added guest ions, molecules, etc 

Oxygen non-stoichiometry and dist'n 
in hi-Tc Cu-based superconductors 

Hard magnet materials; subtle details 
affecting properties 

R. Young Ga. Tech. Structural details & phys. mechanisms 
application of size-strain and quant, phase analysis 
in the Rietveld method to hard magnet properties 
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APPENDIX A-2 

PRT for the HRNPD at BNL 
Updated 15.11.94 

Prof. Arthur Sleight 
Chemistry Dept. 
Oregon State University 
Corvallis, OR 97331 
Tel: 503-737-6749 
FAX: 503-737-2062 
Internet: Sleighta@ccmail.orst.edu 

Dr. Robert Broach 
UOP Research Center 
50 E. Algonquin Rd. 
Des Plaines, IL 60017 
Tel:708-391-3313 
FAX: 708-391-3719 
e-mail: RWBROACH@UOP.COM 

Dr. D. E. Cox 
Physics Department 
Brookhaven National Laboratory 
Upton, N.Y. 11973 
Tel: 516-282-3818 
FAX: 516-282-2739 
Bitnet: C0X@BNLUX1 
Internet: COX@BNLX7A.NSLS.GOV 

Dr. Richard Harlow 
Experimental Station, E228-316d 
E. I. duPont de Nemours 
Wilmington, DE 19880-0228 
Tel: 302-695-2097 
FAX: 302-695-1664 
E-MAJL:HARLOW@ESV AX.DNET.DUPONT.COM 

Dr. Charles F. Majkrzak 
Reactor Division, Bldg.235,Rm.A106 
Nat'l Inst, of Stds. & Technology 
Gaithersburg, MD 20899 
Tel: 301-975-5251 
FAX: 301-921-9847 
Bitnet: None 

Dr. David Mitzi 
IBM TJ Watson Research Center 
PO Box 218 
Yorktown Heights, NY 10598 
Tel: 914-945-4176 
Fax: 914-945-2141 
E-mail:DMITZI@WATSON.IBM.COM 

Dr. John M. Newsam, Director 
Catalysis & Sorption Project 
Biosym Technologies 
9685 Scranton Road 
San Diego, CA 92121 
Tel: 619-546-5391 
FAX: 619-458-0136 
e-mail: JMNEWSA@BIOSYM.COM 

Prof. R. L. Snyder 
NYS College of Ceramics 
Alfred University 
Alfred, NY 14802 
Tel: 607-871-2438 
FAX: 607-871-2392 
Bitnet: SNYDER@CERAMICS 
Internet: SNYDER@BIGVAX.ALFRED.EDU 

Dr. Constantine Stassis 
Ames Laboratory 
Iowa State University 
Ames, IA 50011 
Tel: 515-294-4224 
FAX: 515-294-0689 
Bitnet: STASSIS@ALISUVAX 

Prof. G. D. Stucky 
Chemistry Department 
University of California, SB 
Santa Barbara, CA 93106 
Tel: 805-893-4872 
FAX: 805-893-4120 
Internet: STUCKY@SBXRAY.UCSB.EDU 

Dr. Brian Toby 
R & D 1 -R1102 
Air Products and Chemicals, Inc. 
7201 Hamilton Blvd 
Allentown, PA 18195-1501 
Tel: 215-481-4198 
FAX: 215-481-6517 
Internet: TOBYBH@TTOWN.APCI.COM 

Prof. W. B. Yelon 
Research Reactor Facility 
University of Missouri 
Columbia, Missouri 65211 
Tel: 314-882-5236 
FAX: 314-882-3443 
Email: YELON@REACTOR.MURR.MISSOURI.EDU 
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Prof. John Parise 
Earth & Space Sciences Dept. 
SUNY at Stony Brook 
Brook, NY 11794-2100 
516-632-8196 
516-632-8240 
Bitnet: PARISE@SBMP01.ESS.SUNYSB.EDU 

Prof. R. A. Young 
School of Physics 
Georgia Institute of Technology 
Atlanta, GA 30332 
Tel: 404-894-5208 393-3684 
FAX: 404-853-9958 
PH268R Y@ VM1 .G ATECH. EDU 
Bitnet: PH268RY@GrTVMl 

INSTRUMENT SCIENTIST 
Dr. Thomas Vogt 
Physics Department 
Brookhaven National Laboratory 
Upton, NY 11973 
Tel: 516-282-3731 
FAX: 516-282-5888 
Internet: TVOGT@BNLCL6.BNL.GOV 
Bitnet: TVOGT@BNLCL 1 

HFBR PROGRAM DIRECTOR 
Dr. John Axe 
Physics Department 
Brookhaven National Laboratory 
Upton, NY 11973 
Tel: 516-282-3821 
FAX: 516-282-5888 
Bitnet: (reach via Cox) 

Supplement to regular PRT list (HRNPD) 

Prof. Slade Cargill 
Materials Science & Metallurgy 
1144 Mudd Building 
Columbia University 
500 W. 120th St. 
New York, NY 10027 
Tel: 212-854-6167 
FAX: 212-854-3054(Temp) 
E-mail: GSC15@COLUMBIA.EDU 

Dr. James A. Kaduk 
Amoco Research Center, Amoco Corp. 
Warrenville Road 
Box 3011, MC F-9 
Naperville, IL 60566 
Tel: 708-420-4547 
FAX: 708-961-6250 
e-mail: kaduk@amoco.com 

Prof. Miriam H. Rafailovich 
Materials Science and Engineering 
SUNY Stony Brook 
Stony Brook, NY 11794-2275 
Tel: 516-632-8483 
FAX: 516-632-8052 
e-mail: 

Dr. Bruce Scott 
Senior Manager 
IBM Research Division 
Route 134, PO Box 218 
Yorktown Heights, NY 10598 
Tel: 914-945-1802 
FAX: 914-945-2141 

Ulrich Wildgruber 
Physics Department 
Brookhaven National Laboratory 
Upton, NY 11973 
Tel: 516-282-3640 
email: ULI@P1X7A.PHY.BNL.GOV 
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Georgia Tech 
APPENDIX B-l 

MEMORANDUM 
TO: All registered users of D B W V programs 
From: R. A. Young 
Subject: Major new diffraction facility available 

P 1 

x h o o l o r Phv.MCS 

Georgia Institute of Technology-
A t l a n t a . G e o r g i a ; ! ) 5 5 2 - ' H ; > I 
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N E W HIGH RESOLUTION N E U T R O N P O W D E R DIFFRACTOMETER (HRNPD) 
NOW AVAILABLE A T T H E B R O O K H A V E N HIGH FLUX B E A M R E A C T O R (HFBR). 

THIS NEW USER-FACILITY OFFERS RESOLUTION IN NEUTRON POWDER DIFFRACTION PATTERNS 
EXCEEDING THAT OF MANY 'HOME LABORATORY' X- RAY DIFFRACTOMETERS IN THE HIGH ANGLE REGION 
WHERE THE HIGHEST PEAK DENSITIES USUALLY OCCUR. FIRST OPERATED ON 1 JULY 1993, THE 
H R N P D HAS AN INSTRUMENTAL PROFILE WHICH IS SMOOTH AND NEARLY SYMMETRIC AS WELL AS 
NARROW. TO COMBINE HIGH RESOLUTION WITH HIGH INTENSITY, THE UNIT FEATURES A 25-ELERAENT 
'VENETIAN BLIND' MONOCHROMATOR DESIGN AND 64 3 H E DETECTORS. 

AS IS SHOWN BY THE 420 REFLECTION OF CE02, BELOW, THE F W H M OF THE INSTRUMENTAL 
PROFILE IS NO MORE THAN 0.15* AT 103* ( 2 6 ) WITH H ' - i r - 5 ' COLLIMATORS IN PLACE. THIS 
CORRESPONDS TO (AD)/D IN THE 10" 4 RANGE. WITH THIS UNUSUALLY HIGH RESOLUTION AND AN 
EXCELLENT FLUX-ON-SPECIMEN (E.G., 3 X L(R N/CM2/SEC WITH THE H F B R OPERATING AT HALF 
POWER), THE H R N P D TAKES A LEADING PLACE AMONG THE NEUTRON POWDER DIFFRACTOMETERS 
OF THE WORLD. MANY STUDIES DEPENDENT ON DETAILS OF THE REFLECTION PROFILES (E.G., SLIGHT 
SPLITTING FROM SUBTLE PHASE CHANGES, CORRECT SEPARATION OF THE CONTRIBUTIONS FROM 
DIFFERENT PHASES, MICROSTRUCTURE STUDIES VIA DETAILS OF 'LINE' BROADENING) ARE MADE NEWLY 
POSSIBLE BY IT 

THE H R N P D IS BEING OPERATED AS A NATIONAL/INTERNATIONAL FACILITY BY A PRT 
(PARTICIPATING RESEARCH TEAM) TO WHICH IS ALLOCATED 50% OF THE INSTRUMENT'S TIME. 
THE OTHER 50% IS NOW AVAILABLE TO GENERAL USERS ON A COMPETING PROPOSAL BASIS. THERE IS 
NO CHARGE FOR USING IT FOR RESEARCH WORK THAT IS NEITHER PROPRIETARY NOR FOR COMMERCIAL GAIN. 
ONE MAY GAIN ACCESS TO THE INSTRUMENT EITHER AS A GENERAL USER OR, ON OCCASION, THROUGH 
COLLABORATION WITH A PRT MEMBER. FOR A GENERAL USER PROPOSAL FORM, WRITE TO MS. 
RAE GREENBERG, H F B R USER PROGRAMS ADMINISTRATOR, PHYSICS DEPARTMENT, 
BROOKHAVEN NATIONAL LABORATORY, UPTON, N Y 11973 U . S . A . FOR A LIST OF P R T 
MEMBERS AND THEIR ADDRESSES, CONTACT PROF. R. A. YOUNG, P R T CHAIRMAN FOR THE 
H R N P D , SCHOOL OF PHYSICS, GEORGIA INSTITUTE OF TECHNOLOGY, ATLANTA, G A 30332 U .S.A 

R. A YOUNG TAMNRTY (COUNT) 
2 FEBRUARY 1994 
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APPENDIX C-l 
P 1 

NIOBIUM INFLUENCE ON THE CRYSTAL STRUCTURE AND PHASE 
AMOUNTS OF PbZrO.45TiO.5503 PREPARED FROM ORGANIC SOLUTIONS 
OF CITRATES 

C. F.Oliveira1, C. O. Paiva-Santos1, R. A. Young2, M. A. Zaguete1, J. A. Varela1 

(1) Institiho de Quimica de Araraquara, UNESP, Araraquara, SP, Brazil 
(2) School of Physics, Georgia Institute of Technology, Atlanta, GA, USA 

PbZr0 4jTio J 50 3(PZT45) samples were prepared from organic solutions of citrates to 
permit study of the influence of niobium addition on the PZT crystal structures and 
crystalline phase amounts formed. Rietveld analyses of X-ray powder diffraction 
data were made with the DBWS-9411 program. No suitable correction for 
microabsorption was available. Preparations were made with 0, 5, 10 and 15 mol % 
of Nb in organic solutions added to stoichiometric PZT45 solutions. After 
elimination of organic matter, the resulting powders were calcined at 800 °C for 2 
hours. (This method produces very fine powders which can be interesting for 
technological applications.) 

Tetragonal and rhombohedral PZT phases were observed in all samples. Both 
tetragonal Z r0 2 and pyrochlore Pb2(Zr„Ti1. xNb)O s 5 were observed in the 10 mol % 
and 15 mol % Nb samples. In a series of experiments, the amount of tetragonal 
PZT phase decreased from 79 wt% for Nb-free PZT to 32 wt% for the PZT with 15 
mol % of Nb in the prep solution. The unit cell volume of this phase also decreased 
with increasing Nb, from 67 A 3 for no Nb to - 6 3 A 3 for the 15 mol % Nb case. 
At the same time, the relative amounts of the rhombohedral PZT phase increased 
from 21 wt% for pure PZT to 53 wt% with 15 mol% Nb in the solution. The unit 
cell volume of the rhombohedral phase decreased with the formation of increasing 
amounts of the tetragonal zirconia and pyrochlore phases. In Nb-free PZT the unit 
cell volume of the rhombohedral phase was 201.6 A 3 , in the 5 mol % Nb sample it 
was 207.8A\ and for samples with 10 and 15 mol% of Nb it was, respectively, 
206.5 A 3 and 203.8 A 3 . In these latter samples the amounts of Zr02-plus-pyrochlore 
were 7 and 16 wt%, respectively. 

Since the ionic radius of Nb5-t- is similar to the radius of T i4+ and is smaller than 
that of Zr4 + , these results seem to indicate that the Nb preferentially substitutes for 
Zr in the tetragonal phase. Because the thermal-neutron scattering lengths of Nb and 
Zr differ by about 10%, whereas their x-ray atomic scattering factors are much 
more similar, the possibility of testing this hypothesis with Rietveld analyses of 
high-resolution neutron powder diffraction data is being explored. 
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QPA results from HRNPD data of 1994-1995 as of October 1998 
C. O. Paiva-Santos (via e-mail 5 Nov 98) 

PZT = Pb Zr(x) Ti(l-x) 0(3) = PZT[x/(l-x)] 

CP1... PbZrO.47TiO.5303 
CP2... PbZr0.47Ti0.53O3 + 
CP3... PbZr0.47Ti0.53O3 + 
CP10.. PbZr0.57Ti0.43O3 
CPU.. PbZr0.57Ti0.43O3 + 
CP12.. PbZr0.57Ti0.43O3 + 

CP1. Rwp= 11.19, S = 1.75 
5 phases: wt% 
Phase 1: PZT P4mm 36 
Phase 2: PZT R3c 44 
Phase 3: PZPbam 7 
Phase 4: Zr02 P42/nmc 3 
Phase 5: PZT P4mm 10 

PURE 
0.5% molar Nb 
16% molar Nb 
PURE 
0.5% molar Nb 
16% molar Nb 

800C/lh 
800C/lh 
800C/lh 
800C/lh 
800C/lh 
800C/lh 

RB 
3.44 
7.57 
12.41 
11.90 
6.92 

Vol(A**3) 
64.170(1) 
416.446(7) 
560.02 
66.95 
65.659(3) 

CP2. Rwp= 11.59, S = 1.79 
2 phases: wt% 
Phase 1: PZT P4mm 93 
Phase 2: PZT R3m 7 

CP3. Rwp = 9.70, S = 1.49 
3 phases: wt% 
Phase 1: PZT P4mm 77 
Phase 2: PZT F-43m(Py*) 13 
Phase3:Zr02P42/nmc 10 
* Py = pyrochlore 

CP10. Rwp = 12.64 S = 1.73 
3 phases: wt% 
Phase 1: PZT P4mm 22 
Phase 2: PZT R3c 47 
Phase3:PZTP4mm 31 

CPU. Rwp = 8.82, S = 2.95 
3 phases: wt% 
Phase 1: PZT R3m 64 
Phase 2: PZT P4mm 33 
Phase 3: Zr02 P42/nmc 3 

RB Vol(A**3) 
9.84 64.544(6) 
15.15 201.21(2) 

RB Vol(A**3) 
6.42 65.26(1) 
12.59 1182.7(2) 
7.86 67.34(5) 

RB Vol(A**3) 
17.16 66.59(2) 
10.24 407.49(8) 
8.17 67.18(1) 

RB Vol(A**3) 
9.02 203.628(23) 
10.49 67.043 
34.23 66.90(1) 

http://PbZrO.47TiO.5303
http://PbZr0.47Ti0.53O3
http://PbZr0.47Ti0.53O3
http://PbZr0.57Ti0.43O3
http://PbZr0.57Ti0.43O3
http://PbZr0.57Ti0.43O3
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CP12. Rwp = 7.97, S = 2.07 
Phase 1: PZT R3m 
Phase 2: PZT P4mm 
Phase 3: PZT F-43m(Py*) 
Phase 4: Zr02 P42/nmc 
* Py = pyrochlore 

29 6.68 201.1(1) 
50 5.85 65.50(3) 
10 9.49 1194.4(3) 
11 11.07 66.85(3) 
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Quantitative phase analysis of BaTi03 seeded PZN and Ba/Ti doped PZN prepared from 
organic solutions. Structure analysis of perovskite PMN. 

The Rietveld method with neutron and X-rays diffraction data was used in the 
analysis of 3 samples of PZN. One seeded with 5mol% of BaTi03 powder, one doped with 
5mol% of Ba and 5mol% of Ti and one undoped sample. 

Neutron diffraction was preferred due to (/') the contrast among the cations involved 
in the reactions: Pb (0.9401), Ba (0.525), Nb (0.7054), Ti (-0.3438), O (0.5805), (//') small 
absorption effects, (///') it is representative of all of that sample and (/v) negligible surface 
effects. 

For pure samples it was identified the crystalline phases Pyrochlore PZN (Py), ZnO 
and Massicot PbO. Very very weak peaks were observed at 4.37, 4.19, 3.54, 3.31, 3.23 and 
2.21 A for x-rays data and at 3.35(7) and 2.23A for neutrons data. 

For seeded and doped samples, the identified phases were perovskite PZN (Pe), Py 
and ZnO. Only one peak non-identified was (probably) observed in the ND data (at 2.23 A 
for doped sample). In XRD data the non-identified peaks were at 4.17, 3.55 and 3.23 A for 
doped sample and 3.55 and 3.07A for seeded sample. 

These weak non-identified peaks were not removed from the refinements and were 
supposed as part of the background. 

The crystal structure the observed phases were: 
PbO - Massicot, s.g. Pbcm # 57. Z=4, a=5.8914A, b=5.4873A,c=4.755lA. (Reference) 
ZnO. P6 3 m c #186, Z=2, a=3.2455A, c=5.1978A. (Reference) 
Pyrochlore PZN, F d 3 m #227, a=10.59A. Isomorphous of the PMN-Pe Wakiya et al., 
(1993). 
Perovskite PZN, R3c #161, a=5.7265A, c=14.0363A 
Radiations: 

X-rays: Copper Xk«i = 1.54056A, \kai= 1.54439A Ika2/Ika2 = 0.5. Taken with 
a equipment... 

Neutron: X=1.8857A The data were taken in the High Resolution Neutron 
Powder Diffractometer at BNL. 

The perovskite crystal structure was initially supposed to be isomorphous of the 
perovskite PMN (Pm3m, described by Verbaere at all, (1992), determined from single 
crystal XRD data. Although the results were not bad, it was decided to test structure in the 
following spaces group: P4mm, R3m and R3c. Yoshiro (1970) after studies with single 
crystal XRD data described this structure as R3m. He did not observe the superlattice due 
to ordered arrangement of Zn and Nb and, maybe, due to oxygen octaedra tilting, like in the 
Zr-rich PZT (reference). 
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PURE N D XRD 
Rwp 9.90 13.81 
S 2.12 1.84 
Rexp 4.64 7.48 

Py ZnO PbO Py ZnO PbO 
RB 4.57 4.75 18.42 4.22 16.73 27.84 wt% 85.0(7) 7(3) 8(3) 86.5(5) 9(3) 5(2) 

Structural parameters 1 v 7 

Pyrochlore ( Fd3m) 
X Y Z B X y z B 

01 0.3167(1) 1/8 1/8 0.88(3) 0.321(1) 1/8 1/8 2.1(4) 
02 3/8 3/8 3/8 1.5(2) 3/8 3/8 3/8 2.1(4) 
Pb 1/2 1/2 1/2 2.07(5) 1/2 1/2 1/2 1.84(3) 
Zn/Nb 0 0 0 0.81(5) 0 0 0 0.45(4) 
a (A) 10.6042(1) 10.5920(1) 

ZnO (P63mc) 
X y z B X y z B 

Zn 1/3 2/3 0 1.1(1) 1/3 2/3 0.4(3) 
0 1/3 2/3 .383(2) 1.1(1) 1/3 2/3 0.399(6) 0.4(3) a 3.2493 KD 3.2448(2) 
c 5.2002(3) 5.1969(6) 

Pb( D (Pbcm) 
X y z B X y z B 

Pb 0.233(2) -0.014(3) 1/4 0.3 .23 -0.012 1/4 .5 
0 -0.131(3) 0.087(3) 1/4 0.3 -0.13 0.09 1/4 .5 
a 5.8915(7) 5.8820(7) 

The superlattice peaks generated by the oxygen octaedra tilting can not be observed 
by XRD due to the low oxygen scattering factor (Z=8) compared with Pb (Z=82). With ND 
it can be observed, since the difference is about 40% only. 

Refinements 

The Background was refined by a polynomial. The profile function was modeled by 
the pseudo-Voigt function [r|L + (l-r|)L], where L is a Lorentz function, G is a gaussian 
function and r| is the lorentzian fraction. The Riello et all. asymmetry mode was applied for 
peaks below 50° (29) and above 130°(29). 

As a first step, the refinements were performed for the scale factors only, then for 
background, cell parameters and 29o (ND) or sample displacement (XRD). After 
convergence, the F W H M and asymmetry parameters were refined. These profile 
parameters were then fixed again and only structural parameters were refined. 

Pure sample. Neutron data. 
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b 5.4873(6) 5.4828(5) 
a 4.755(1) 4. /470(6) 

DOPED N D (Perovskite) XRD (Perovskite) Rwp 8.76 11.90 S 2.63 1.62 Rexp 3.31 7.34 

Pb/Ba ratio 0.89(3)/0.11(3) 0.86(7)/0.14(7) 
Zn/Nb/Ti 0.300(3)/0.599(3)/0.101(3) 0.30(2)7.60(2)/. 10(2) Formula 1ND. Pt>0.89(2)Bao.ll(2)Zno.300(3)Nbo.J99(3)Ti(o.ioi(3)03 

XRD: PbogeenBao.î TvZnojô f̂bofiŵ Tln ip^O, 

Pe Py ZnO Pe Py ZnO 
RB 5.4 13.01 8.93 4.25 12.02 25.14 wt% 85(2) 14(3) 1(6) 84 4(5) 14.5(7) 1(8) 

Structural parameters 
Pe 

X V 7 
srovskite (R3c) 

B 
Ol 
F t " 

0.177(5) 
0 

0.347(9) 1/12 1.67(6) 0.169(8) 0.373(4) 1/12 1.7 
0.255(8) 
0.008(4) 

4.5(3) 0 0 0.255(2) 3.86(4) Zn 
a W 

0 
5.7287(8) 

0.5(1) 0 0.014(2) 0.57 
5.7225(1) 

14.030(4) 14.0191(7) 
Pyrochloire (Fd3m) 

B B Ol 
02 

0.3148(6) 
3/8 

1/8 
3/8 

1/8 1 9 0 ) 0.3148 1/8 1/8 .81 3/8 2.0 3/8 3/8 3/8 1.96 Pb 1/2 
0 

1/2 
0 

1/2 2.7(3) 1/2 1/2 1/2 2.36 Zn/Nb 0.5(2) 0 0.43 10.5785(5) 10.5679(3) 

X y z B X y z B Zn 1/3 2/3 0 0.466 1/3 2/3 0 4(3) O 1/3 2/3 0.379 0.390 1/3 2/3 0.399(6) o 4m a 3.247S .(1) 3.2426(3) 
a 5.2032(3) 5.2064(9) 
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SEEDED 
Rwp 

ND (Perovskite) 
9.76 
3.62 

XRD (Perovskite) 
12.71 
1.47 

Rexp 2.68 7.93 

Pb/Ba ratio 
Zn/Nb/Ti 

0.91(1)/0.09(1) 
0.314/0.628/0.059(3) 

= (Not refined - NR) 
= (NR) 

Formula Pbp.88(2)Bao,i2(2)Zno.300(3)Nbo,600(3)TlVo,ioor3>03 

RB 

Pe 
4.59 

Py_ 
13.47 

ZnO 
15.59 

Pe 
5.69 

Py_ 
11.78 

ZnO 
33.17 

wt% 82(2) MM 2(31 80.6(6) I 17(1) m . Structural parameters 

X Y z B X y z B 
Ol 0.163(2) 0.318(3) 1/12 1.46(6) 0.18(2) 0.377(3) 1/12 1.1 
Pb 0 0 0.246(2) 4.4(1) 0 0 0.182(1) 3.64(7) 
Zn 0 0 -0.009(2) 0.5(1) 0 0 -0.060(2) 0.6(1) 
a (A) 5.7328(5) 5.7265(8) 
c(A) 14.039(2) 14.029(4) 

Pyrochlore (Fd 3 m) 
X Y z B X y z B 

Ol 0.3160(5) 1/8 1/8 1.4 0.340(2) 1/8 1/8 1.4 
02 3/8 3/8 3/8 1.9 3/8 3/8 3/8 1.4 
Pb 1/2 1/2 1/2 2.5(2) 1/2 1/2 1/2 2.1(1) 
Zn/Nb 0 0 0 0.9(2) 0 0 0 1.0(2) 
a (A) 10.5925(3) 10.5820(2) 

ZnO (P63mc) 
X y z B X y z B 

Zn 1/3 2/3 0 0.466 1/3 2/3 0.4(3) 
O 1/3 2/3 0.379 0.390 1/3 2/3 0.399(6) 0.4(3) 
a 3.24892(5) 3.245K )(8) 
a 5.19805(9) 5.1959(2) 
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Refinements with GSAS (Neutron data). 

Doped sample 

Lattice parameters: 

Perovskite: a = 5.7303(3), c =14.0397(4) 

Pyrochlore: a= 10.5746(6) 

ZnO: a = 3.2470(7), c = 5.203(2) 

Wt%: Pe = 84.6, Py = 14.2, ZnO = 1.2 

Perovskite analysis 
Composition: Pbo.95(2) Bao.oso Zno.302(2) Nbo.603(3) Tio.o95(5) 
Atom parameters for perovskite phase 

frac x y z Uiso 
Pb .949(18) 0 0 0 0.052(1) 
Ba .051(18) 0 0 0 0.052(1) 
Zn .303(2) 0 0 -.247(1) .005(1) 
Nb .605(4 0 0 -.247(1) .005(1) 
Ti .092(6) 0 0 -.247(1) .005(1) 
O 1.000 .1812(5) .355(1) -.1682(9) .0154(8) 

Atom parameters for pyrochlore phase 
frac X y z Uiso 

PB .93 .5 .5 .5 0.017(4) 
ZN .12 0 0 0 0.014(4) 
NB .88 0 0 0 0.014(4) 
O 1.0 .3171(7) 1/8 1/8 0.012(2) 
O 1/8 3/8 3/8 3/8 0.025 

ZnO structure not refined. 

At right. Oxygen Octahedra for Perovskite 
phase 


