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Spatially resolved neutron diffraction as a function of crystal depth itM8k,sNb,,5)O5 reveals the pres-
ence of a distinct near-surface region where a strong distortion in the lattice exists. A dramatic change in both
the lattice constant and the Bragg peak intensity as a function of crystal depth is observed to occur in this
region over a length scale 100 um. This confirms a previous assertion, based on a comparison between
high-energy x rays and neutrons, that such a near surface region exists in the relaxors. Consequences to both
single crystal and powder diffraction measurements and previous bulk neutron diffraction measurements on
large single crystals are discussed.
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The relaxor ferroelectrics, with the general formula second phase was rhombohedral. An important question con-
PBBO,, have generated much interest recently due to theicerns whether or not the rhombohedral and cubic phases can
promising applications as piezoelectric devités. be separated into a bulk and near-surface region as postu-
Pb(Mgy/aNby/5)05 (PMN) and PI§Zn;sNb,5)O; (PZN) are  lated to describe the neutron and x-ray single crystal data.
prototypical relaxor systems which display a diffuse transi-The near-surface region may play an important role in the
tion with a broad frequency dependent dielectric responséhermal expansion properties of relaxors. This has been

Despite much work on these materials there is no consens(i9ted in a recent x-ray experimint on unpolehd PZN which
on the low-temperature structure or ground state. measured the bulkprobed by 67 keV x raysto have com-

Recent x-ray diffraction measurements by ¥ual,? us- parably little thermal expansion with respect to the surface

; : . 7
ing both 32 and 67 keV x rays, found the low temperaturereglon (studied with 10 keY.” Given the many unusual

. structural properties of the relaxors, it is clearly important to
unit cell near the surfacgrobed by 32 keYto be rhombo- P . - L |
hedral where the bulkstudied with 67 keYwas found to be determine if there exists a macroscopic variation in structura

bic in shap@:# Lat t lasti teri tud properties.
cubic In shape:” Later, a neutron elastic scatlering study on™ 4 yaconcile previous neutron and x-ray measurements it

PZN found the Bragg peaks broadened considerably beloyy \ery important to establish the existence of a surface layer
T¢ both along the transverse and longitudinal directions, bufyith one techniqueor instrument to avoid systematic er-
no sign of any clear rhombohedral distortion was obsefved.rors, To study the possibility of such a near-surface region in
The neutron and x-ray results were reconciled by the asrelaxors we have investigated the strain as a function of crys-
sumption of a near-surface region with a rhombohedral unita| depth using a diffraction technique commonly applied to
cell. A similar explanation was used to reconcile apparentlystudy spatially resolved strain in industrial materials. Even
contradictory results in PMN doped with 10% PbEiDIn  though observing a strain near the surface does not in itself
this material, low-energy x rays have been used to measuremove the existence of two different unit cell shapes in the
rhombohedral unit cell while neutron diffraction results havebulk and surfacglike that observed with x rayssuch an
pointed to a bulk cubic unit cell. However, radial scansobservation would confirm that there exists a distortion of
through the(1,1,1) Bragg peak, using neutron diffraction, the lattice consistent with differing unit cell shapes in the
found evidence for, at least, a segment of the sample havingurface and bulk. The lattice constant and Bragg intensity is
a rhombohedral unit cell. A rhombohedral skin was, againpbserved to vary strongly with penetration depth, which is
postulated based on a comparison of neutron and x-ray datsuggestive of a significant near-surface region. A large ex-
Since neutrons are highly penetrating, such a near surfagenction effect is also observed which suggests the near-
region must be much larger than several unit cells for thergurface region makes a significant contribution to the total
to be any effect in a neutron diffraction experiment. Such ascattering in single crystal neutron experiments.
near-surface layer would also be expected to induce a large Neutron diffraction measurements were conducted at the
strain on the crystal. L3 double-axis spectrometer located in the National Re-
The importance of a near surface layer with a differentsearch UniversalNRU) reactor at Chalk River Laboratories
unit cell shape than the bulk is highlighted by powder dif- (Chalk River, Ontario, CanaglaA germanium(113) crystal
fraction work. X-ray and neutron powder diffraction studieswas used to produce a monochromatic incident beam with
of the low-temperature structure of both PMN and PZN haveenergy set td;=14.5 meV. Higher-order neutrons were re-
used a two-phase model to describe the intensity préffles. moved by placing a pyrolytic graphite filter in the incident
One phase was found to be, on average, cubic while theeam. The horizontal collimations were set to’-G0'-S
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FIG. 1. Schematic of the experiment used to measure spatially LY :
resolved strain with neutrons. The mosaic of the germanium mono- g’ 2 Outside of Q
chromator was-15', and a single channel from the monochromator ; Crystal '
to incident slit defined a collimation 6£30'. A single slit was used =) 0 i e ¢Poo
on the scattered side. The slits on both the incident and scattered X 5 10 o
sides were 30um wide and 5 mm high. - !
. 73] 1
30'. The sample consisted of a 9.3 cc crystal of PMN, grown -4 1 O
by the modified Bridgeman technique previously 6 , @

described? The lattice parameter in the bulk was measured 99 99.5 100
to be~4.04 A. A large[100] cut surface was used to define Translation x (mm)
the surface of the sample from which tf#00) Bragg peak
was studied in reflection geometry. The PMN sample used FIG. 2. The upper panel plots ti2, 0, 0 Bragg peak intensity
for these experiments is the same crystal used in a receff a function of translation. The lower panel displays the lattice
phonon study! constant(and hence the strairas a function of distance into the
Figure 1 schematically illustrates the technique used tgample. A large~100 um surface layer is observed based on a
study the strain as a function of depth. The incident andarge variatioq _of the lattice constant. The vertical dashed line indi-
diffracted beams, defined by masks made of absorbing cad@tes the position of the sample surface.
mium, intersect in a small region of the sample denoted as
the gauge volume. The scattering geometry is analogous teanel of Fig. 2 plots the intensity as a function of translation
the reflection technique commonly used in low-energy x-raydistance. The intensity as a function of depth cannot be de-
measurements. In this experiment the incident and scatterextribed by a linear attenuation alone and therefore is strongly
slits were 0.3 mm wide and 5 mm tall. The sample was posuggestive that primary extinction is the reason for the large
sitioned and aligned to a precision of0.05 mm. For our (factor of 10 attenuation in the scattering intensity. We note
experiments, we have defined the translation axis to be aloridpat a similar attenuation was observed in single crystals of
the [10Q] direction. All measurements described here werelb (as well as germanium measured in this warka similar
conducted at room temperature. This technique is very simiexperiment and therefore such an effect is not unusual for
lar to that previously used to investigate the second lengthsingle crystals?
scale phenomena in Th and SrEi&1° The precise surface position was taken to be the point of
There are several well-characterized systematic effectgiaximum intensity in this translation scan. It is at this point
that complicate near-surface strain scanning. These haubat the gauge volume is entirely immersed in the sample
been described in detail elsewhegiRefs. 16 and 17and  while the effects of extinction are minimized. On translation
only result in strong systematic errors when the gauge volef the gauge volume into the sample, the intensity will be
ume is only partially submerged in the sample. In the resultsittenuated by the effects of extinction. Rocking scans near
presented here, we have ignored all data where the gaudlee surface and in the bulk of the sample show identical
volume is not completely immersed in the sample. To furtherocking widths of 0.185+0.007°. This indicates that any
test for any near-surface experimental artifacts we have meahange in intensity or lattice constant is not likely the result
sured the strain near the surface in a perfect germanium crysf a variation of mosaic or the presence of another crystal
tal using the(220) reflection. Thed-spacings for germanium domain near the surface.
(220) is nearly identical to that of PMN200) and therefore The strain as a function of penetration depth is displayed
allows a direct test by keeping all the spectrometer angles thi@ Fig. 2. In these measuremerds was taken as the mea-
same(and hence the resolution functiowhile only chang- suredd spacing when the beam was deep inside the crystal.
ing the sample. As noted later, this test resulted in no nearfFhe lattice constant was extracted based &t26 scans
surface anomalies therefore ruling out instrument effects. through the(2, 0, 0 Bragg peak position. Samples of these
To determine the exact location of the surface, translatiorscans for three different translation positions are displayed in
scans were conducted at t{#00) Bragg position. The upper Fig. 3. A large strain over a distance ef300 um is ob-
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FIG. 3. Radialf—26 scans through the, 0, O Bragg peak for 2 mﬁ%iﬁlnmui Q (P
various translation values. The decrease in intensity is due to ex- E -2 1
tinction and a noticeable shift in thegdosition is clearly seen. The g '
dashed lines are fits to a Gaussian lineshape. w4 !
] :
served. Data for translation values outside of the crystal are 985 99 995 100 1005
unreliable due to the fact that the beam is not entirely im- Translation x (mm)

mersed in the sample. The fact that the width of the peak in )

the strain is close to the slit width used in the experiment FIG. 4. The upper panel plots the germanié2n 2, O Bragg

indicates that peak width is limited by our resolution definedP€ak intensity as a function of translation. The lower panel displays

by the slit width. Nevertheless, our result does suggest th4f€ 'attice constantand hence the strais a function of distance

the near-surface region is significant and of the ordefnto the sample. Unl'|ke PMN, no significant strain Is measured n

100 um in size and is not an effect of surface rougheningthe near-surface region. The vertical dashed line indicates the posi-
. tion of the sample surface.

over several unit cells.

Figure 4 plots the same measurement conducted with a
perfect germanium crystal using ti220) reflection. Since  gyrain in a large surface layer may be the origin for the radial

the d spacing for germaniuni220) is nearly identical © roadening observed in neutrons which sample the entire
PMN (200), this provides a direct test to ensure that thespecimen volume.

observed effect is not due an instrumental artifact. The ger-

immersed in the sample. Therefore, instrumental effects caggp|ays a large strain indicating a large lattice distortion. Its
be ruled out for the cause of the surface layer observed ifresence validates previous x-ray diffraction results which
PMN. S , postulated such a region based on penetration depth argu-
The presence of a significant skin also suggests that th@ents Our result also suggests that the two-phase models
two phases extracted from powder diffraction measurementg, |4 to describe powder data may be separated into a sur-
may be the result of skin and bulk phases. Our results sugzce ang bulk component. Even though our results clearly

gest that the measured structural properties may depend Qo the presence of a strong surface component, its role in

the geometry and size of the sample, analogous to the case iy rejaxor transition is not clear. Further measurements are

Aty . !
SrTiO;.*® We note that our measurements show a&gmﬁcan&urren“y being conducted to study the dependence of the

strain exists in the surface region and do not directly show;ain on PbTiQ doping as well as temperature.
that there exist two different unit cell shapes in the surface

and in the bulk. Our results do show a large strain indicative The authors are grateful to P. Gehring, |. Swainson, and
of a substantial distortion in the lattice. G. Xu for stimulating discussions and to L. E. McEwan, M.

The significant strain in the near-surface region may alsivl. Potter, and R. Sabatini for invaluable technical help. The
reconcile apparent discrepancies between x-ray and neutravork at the University of Toronto was supported by the
diffraction measurements of single crystal PZN and PMN.Natural Science and Engineering Research Council and the
Despite the fact that high-energy x-ray measurements founNational Research Council of Canada. We also acknowledge
resolution limited peaks at low temperatures, neutron diffracfinancial support from the U.S. DOE under Contract No.
tion found the Bragg peaks to be broad both along the trandDE-AC02-98CH10886, and the Office of Naval Research
verse and radial directions. The presence of a significaminder Grant No. NO0014-99-1-0738.
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