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Recently, a new orthorhombic phase has been discovered in the ferroelectric system (1
—X)Pb(ZnaNb,3) O3-xPbTiO; (PZNXPT) for x=9%, and forx=8% after the application of an electric
field. In the present work, synchrotron x-ray measurements have been extended to higher concentrations
10%=<x=<15%. The orthorhombic phase was observedxer10%, but, surprisingly, fox=11% only a
tetragonal phase was found down to 20 K. The orthorhombic phase thus exists only in a narrow concentration
range with near-vertical phase boundaries on both sides. This orthorhombic symimettyge) is in contrast
to the monoclinicM 5-type symmetry recently identified at low temperatures in the Rb(di,)O; (PZT)
system over a triangle-shaped region of the phase diagram in the xar@d6—0.52. To further characterize
this relaxor-type system, neutron inelastic scattering measurements have also been performed on a crystal of
PZNxPT with x=15%. The anomalous soft-phonon behavitwaterfall” effect) previously observed fox
=0% and 8% is clearly observed for the 15% crystal, which indicates that the presence of polar nanoregions
extends to large values af

DOI: 10.1103/PhysRevB.65.144101 PACS nuniber77.84.Dy, 61.10-i, 61.12.Ld, 77.80-e

[. INTRODUCTION 9% PT following an examination of several unpoléak-
grown) as well as poled crystals with nominally the same 9%
Recently, a number of studies have attempted to undeconcentration. Most of these were orthorhomBibut one of
stand the origin of the very large piezoelectric coefficientsthe unpoled crystals showed a definite monoclikig dis-
measured in perovskite oxides such as Ph(ZFi,)O;  tortion. This raises the very interesting possibility that, for
(PZT) and (1—x)Pb(ZnsNb,;3)O3-xPbTiO; (PZNxPT)  slightly higher concentrationge.g., 10%-12% PJT the
near the morphotropic phase boundé@4PB). The MPB is  ground state is actuallyl -, so that the orthorhombic 9% PT
an almost vertical phase boundary that separates the rhorphase might logically be regarded as the end member of the
bohedral(R) and the tetragondll’) regions of the phase dia- M region. However, as described below, the 10% PT phase
gram of these systenm{gemperature versus). In a study of has been found to be unequivocally orthorhomhae=¢),
PZN-8%PT, Park and Shrout found the piezoelectric coeffiwhile unexpectedly a tetragonal phase is realized at 11% PT,
cient d33 to exceed 2500 pC/N and strain levels reachingyielding a narrow “chimneylike” shape for the intermediate
1.7% induced by a field applied aloi§01].> These ultra- orthorhombic region.
high values are an order of magnitude greater than those A low-symmetry phase discovered in both PZT and PZN-
previously attainable in conventional piezoelectric and elecxPT in the vicinity of the MPB appears to be a common
trostrictive ceramics including PZT, currently the material of feature of the highly piezoelectric perovskite systems. Re-
choice for high-performance actuators. Several experimentaiently, Vanderbilt and CohérVC) have provided a natural
and theoretical studies now indicate that these very high valexplanation for these recently discovered new phases in both
ues are related to the presence of a particular phase. PZT and PZNxPT systems by extending the Devonshire
X-ray investigations by Nohedat al?> and Coxetal® theory to eighth order. This study yields a new phase dia-
have shown that, in addition to the known rhombohedral andjram for ferroelectric perovskites that includes three differ-
tetragonal phases, a sliver of a new phase exists in the phasat types of monoclinic phaséd,, Mg, andM¢ (named
diagram near the MPB as shown in Fig. 1 for P@Ref. 2 after this work.
and PZNxPT (Ref. 3), respectively. In the PZT system, the  The effect of an applied electric field on the polarization
newly identified lower-symmetry phase is of monocliMg,  has also been studied theoretically and experimentally. A po-
type (space groupCm) for 0.46<x=<0.522 while in larization rotation mechanism has been proposed by Fu and
PZNxPT an orthorhombi¢O) phase(space groulBmn?) CoheR to explain the ultrahigh electromechanical response
has been irreversibly induced by a field in an 8%PT crstal found in PZNxPT using BaTiQ as a model. According to
and has also been observed in a polycrystalline sample préieir model, the application of an electric field along the
pared from a previously poled crystal of 9% PThis O  [001] direction in rhombohedral PZXPT induces a rotation
phase is the limiting case of a monoclini¢-type phase of the polarization vector in é110) plane, from the rhombo-
(space grougPm) when the lattice parameteesandc be-  hedral to the tetragonal axig.e., R-M-T). However, an
come equal. A trueM phase(with a#c) is observed in experimental x-ray study by Nohedet al. on as-grown
PZN-8%PT during the application of an electric fiélfery ~ PZNxPT crystals has suggested that, as the applied electric
recently, Uestet al® have also observed a tri. phase in  field is increased, the polarization vector first follows this
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Pb(Zn, Nb, ), Ti O, the possible existence, at higher PT concentrations, of the
- “waterfall ” shape previously observed in the soft optic
mode phonon branch at lower PT concentratitiié.

600
- ® Kuwataet al.
C A Coxetal.

400 .\0\ 1 Il. EXPERIMENT
h\.}\ Single crystals of a (%x)Pb(ZnNbyg) O3-xPbTiO,
o

T(K)

solid solution system wittbk=10%, 11%, 12%, and 15%
. T - were grown by a top-seeded solution growf8SQG tech-
0 nique using a PbO flux with an optimum flux ratio of 50
wt %.1° Platelets of about 1 mm thick and 7—15 fin area
were cut parallel to the reference (09Jy plane and pol-
0 10 100 ' 20 ished with fine diamond pastédown to 1 wm). The
i X— (001),,, faces were covered with sputtered gold layers and
Pb,Zﬂ.XTI'an . , Au wires were attached by means of Ag paste. The poling
O Jaffe et al. was performed under a field of 20 kV/cm that was applied
.o C ® Nohedactal. | along[001],,;, at 210 °C(aboveT¢) and maintained while
cooling down to room temperature. The samples were then
short-circuited for 30 min before the electrodes were re-
moved. For neutron inelastic scattering studies, a bigger
PZN-15%PT crystal of 2.17 g in weight and 0.27 cc in vol-
ume was cut from an as-grown crystal boule with natural
(100),,, faces as a reference orientation.

Two types of high-resolution synchrotron x-ray powder
diffraction measurements were carried out on beamline X7A
at the Brookhaven National Synchrotron Light Source

- T (NSLY9) with x rays from a Si111) double-crystal monochro-
40 45 50 100 x 53 mator. For the first set of measurements, an incident beam of
wavelength~0.7 A was used and a linear position-sensitive

FIG. 1. Phase diagrams for PZBottom and PZNxPT (top) in  detector was placed in the diffracted beam path. This con-
the vicinity of their respective MPB's, as shown in Ref. 3. figuration gives greatly enhanced counting rates and allows

accurate data to be collected from very narrow-diameter cap-
R-M-T path, but then abruptly jumps to a new path, in aillary samples. The use of capillary samples helped eliminate
plane containing the orthorhombic and tetragonal polar axesystematic errors due to preferred orientation or texture ef-
(i.e., R-MA-M-T).% As the field is decreased the polariza- fects. With this configuration the resulting instrumental reso-
tion rotates from the tetragonfb01] to the orthorhombic lution was~0.03° on the 2 scale. For the second set, inci-
[101] polar directions, via theM phase, and the initial dent beams of wavelengths0.69 A and~0.98 A were
rhombohedral state is not recovered upon removal of thesed with a flat G&220 crystal analyzer and scintillation
field. Recently this irreversibleR-M 5-M-T polarization  detector. With this type of diffraction geometry, it is not al-
path has been confirmed by neutron diffractlofffirst-  ways possible to eliminate preferred orientation and texture
principles calculations by Bellaichet al. for the rhombohe- effects, but the peak positions, on which the present results
dral PZT system under &001] field also predict the are based, are not affected. The resulting instrumental reso-
R-M Ao-M-T transformation, although in this case the trans-lution is better than 0.01° on a#2scale, an order of magni-
formation is found to be reversibt8. tude better than that of a laboratory instrument.

With ample experimental and theoretical evidefcéfor The powder samples were prepared by chopping out small
a link between the very high values of the piezoelectric andragments from the poled crystals, crushing them, and load-
electrostrictive coefficients and the presence of a new phasig them in a 0.2-mm-diameter glass capillary, as explained
it has become essential to determine its extent in the phase Ref. 3. A closed-cycle cryostat was used for the tempera-
diagram of PZNxPT. As mentioned above, PZN-8%PT ture dependence measurements. The data sets were collected
shows the expected rhombohedral symmetry and becomésom 15 to 500 K and the sample was rocke@°—3° dur-
orthorhombic only after a high field has been applied,ing the data collection, in order to achieve powder averaging.
whereas PZN-9%PT clearly shows the orthorhombic symme- A subsequent neutron inelastic scattering study was per-
try (M with a=c) even with no external field® In the  formed on the PZN-15%PT single crystal using both the BT2
present paper, we have studied higher PT concentratiorend BT9 triple-axis spectrometers at the NIST Center for
(10%=<x=<15%), using high-resolution synchrotron x-ray Neutron ResearckNCNR). The (002 reflections of highly
powder diffraction. For further characterization of these re-oriented pyrolytic graphitd HOPQ crystals were used for
laxor systems, neutron inelastic scattering measurement®th monochromator and analyzer. A HOPG transmission fil-
have also been performed on the 15% PT crystal. The spaer was used to eliminate higher-order neutron wavelengths.
cific goal of the inelastic measurements was to investigatdhese measurements were made in the phonon creation
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FIG. 3. Temperature dependence of the lattice parameters for
PZNxPT (x=10%) from 15 K to 375 K, for the orthorhombic
(ay, by, andc,) and tetragonald; andc,) phases.
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. . give a comprehensive picture of the new orthorhombic phase
FIG. 2. Diffraction patterns of pseudocubft1l), (200), and

_ in the PZNxPT phase diagram.
2 = 0, = 0, . .
(220 for PZN-XPT forx=10% (left) at 20 K andx=11% (right at As will be seen later, one of the key features of this study
15 K, showing the diffraction spectra for the orthorhombic andiS the rather unexpected finding that compositions with
tetragonal phases. p g p

=11% retain tetragonal symmetry down to 20 K. This can
be seen in Fig. 2, in which selected regions of the diffraction
: : - X profiles are plotted fox=10% (left) andx=11% (right) at

while varying the incident neutron (,anerlﬁy. The horizontal 20 and 15 K, respectively, showing very distinctive features
beam collimation used was 4@0'-S-40'-open and for these two adjacent compositions. From the splitting and
40'-20'-S-20"-80'. The crystal was mounted on a boron ni- g|ative intensities of these profiles the symmetry of the

tride cylinder held in a goniometer and oriented with its samples can be reliably established. ®e10% peak pro-
[001] axis vertical, thereby giving access to tf¢K0) scat-  fjjes are very well resoived and show the same general fea-

tering zone. It was then loaded into a vacuum fumace Cagres previously described for the orthorhombic phase in
pable of reaching temperatures up to 670 K. Data were col= go4 3 phyt with a small amount of residual tetragonal phase.
lected in the temperature range 200650 K using two type§pe pseudocubic (111)eflection consists of two peaks cor-
of scans. First, constant-energy scans were performed Qyqnonding to thé012) and (210 orthorhombic reflections
keeping the energy transféi = E; — E; fixed while varying 414 a third central peak corresponding to the residual tetrag-
the momentum transfeR. Second, constar@ scans were onal (111 singlet. Three peaks are observed around the
performed by holding the momentum transt@r Ei—Ef(k pseudocubic (20Q) reflection corresponding to the ortho-
=2m/\) fixed and varying the energy transf&E. rhombic(202)-(020) doublet and the tetragon€&200) reflec-
tion. The pseudocubic (22QYeflection consists of a triplet
and the orthorhombi04)-(400-(222), plus the(202)-(220)
tetragonal doublet. From the intensity ratios one can estimate
Based on the diffraction data reported in the previoughe fraction of tetragonal phase to be about 20% of the
study’ on a polycrystalline sample of PZKPT with x sample volume. This fraction is essentl_a_lly constant between
=9%, a modification of the PZNPT phase diagram has 20 and 300 K. For the=11% composition, the peak pro-
been proposed which includes the new orthorhombic phasiles are clearly those of a pure tetragonal phase with a single
(0) around its MPB shown in Fig. 1. However, the proposed(11D reflection and two doublet£002-(200 and (202-
stability region for the nevD phase is limited so far to only (220. The fits of these profiles show that far=10% the
one composition. In the present work, we have determine@rthorhombic unit cell hag,=5.760 A,b,=4.014 A, and
the full extent of theD phase by studying higher concentra- ¢,=5.736 A and the second tetragonal phase lags
tions x=10%, 11%, 12%, and 15%. The results obtained=4.024 A andc,=4.091 A. Forx=11% the tetragonal

mode with a fixed final energy of 14.7 meW {=2.36 A)

Ill. PHASE DIAGRAM FOR PZN- XPT
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FIG. 4. Lattice parameters vs temperature for PZXF for x X (% Ti content)
=15% (top) and 12%(botton) over the whole temperature range . ) )
from 15 K to 550 K, showing the tetragonad,(andc,) to cubic FIG. 5. Lattice parameters vs Ti concentration at 20 K for the

rhombohedral 4, and «), monoclinic @, by, ¢, andg8) and
tetragonal §; andc,) phases from the results of this work, includ-
ing data from Refs. 3 and 4.

(a;) phase transition.

unit cell parameters ara,=4.018 A andc,=4.113 A.

The evolution of the lattice parameters with temperatur&yith composition is consistent with fairly precise composi-
for x=10% reveals an orthorhombic-to-tetragonal phasejonal control during the crystal growth process. However, at

transition, as shown in Fig. 3. At increasing temperatures, thgos<x<10%, the symmetry is found to be orthorhombic.
orthorhombic lattice parametdr, steadily increases while

the c,/a, ratio decreases only slightly. At temperatures be-
tween 325 and 375 K, the symmetry is found to be tetragonal
with lattice parametersa, andc,. The sudden change i, A series of neutron inelastic measurements were subse-
andc, between 300 and 350 K suggests a first-order charagjuently performed on the PZN-15%PT single crystal to study
ter to the orthorhombic-tetragonal phase transition. The rethe so-called “waterfall” feature, first observed in PZN-8%
sidual tetragonal phase which is present between 20 and 30T (Ref. 13 and later in PZN(Ref. 14, at higher concen-
K can probably be attributed to small long-range compositrations of PbTiQ. Specifically, we wished to determine
tional fluctuations in the as-grown crystals. The overall bewhether or not this waterfall feature persisted beyond the
havior is identical to that previously reported fRr=9%2  MPB. The waterfall is an anomaly of the lowest-frequency
Similar temperature-dependence studies have been cotransverse opti€TO) phonon branch that is correlated with
ducted for higher concentrations and the results are shown ithe condensation, af=T,, of local regions of randomly
Fig. 4. The lattice parameters as a function of temperatureriented polarization, also known as polar nanoregions
reveal a cubic-tetragonal phase transition ¥er15% (top) ~ (PNR’s), which disrupt the propagation of long-wavelength
and forx=12% (bottom. At low temperature, the system is TO polar modes. The existence ®f, which can be hun-
purely tetragonal. With increasing temperature, the strain radreds of degrees higher thdp, was first reported by Burns
tio c;/a; decreases, while approaching the transition to theand Dacol for a variety of systems including both PZN and
cubic phase at490 K and=475 K, forx=15% and 12%, PMN.!® Because the PNR’s are polar, they naturally couple
respectively. to the polar TO phonon mode, which in turn can serve as a
The lattice parameters as a function of composition at 2@nicroscopic probe of the PNR'’s. Their presence is mani-
K are presented in Fig. 5, which includes the concentrationgested by a drastic broadening of the TO phonon energy line-
studied in this work, as well as the previous data reported inwidth below a specific wave vector and gives rise to a steep
Refs. 3 and 4 fox=8% and 9% . This figure shows the ridge of scattering when plotted as a function of wave vector
structural evolution from the rhombohedral to the tetragonal as the long-wavelength phonon cross section becomes dis-
phase via the orthorhombic phase. FGE8% the crystals tributed in energy. The search for the waterfall feature should
exhibit the expected rhombohedral symmetry. kerl1%, thus yield important information about the possible existence
the tetragonal symmetry is found with the strain ratjda;  of PNR’s beyond the MPB.
increasing from 1.0237 at=11% to 1.0331 ax=15%. The Examples of two constari-scans foiw=7 meV mea-
smooth variation in the tetragonalandc lattice parameters sured along thg010] cubic direction taken in the low-

IV. SOFT-PHONON ANOMALIES IN PZN- XPT
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PZN-15%PT 7 meV presence of polar nanoregions rather than to the newly dis-
200 ——r————— — T covered phases. Therefore, the microstructural characters of

' ' ' relaxor ferroelectrics are retained to some degree in the
TO PZNxPT solid solution systems up to a quite high concen-
tration of PT beyond the MPB.

10 F ]
PZN-15%PT, V. DISCUSSION

In common with thex = 9% sample studied previously,
it is clear that thex=10% sample studied here has ortho-
P rhombic symmetry within the resolution limits of the powder
650K T ) diffraction experiment. As noted befofehis orthorhombic
/ cell can be regarded as a doubled monoclinic ceMeftype
(space grougPm) in the limit of a=c. In a recent papét,
Uesu and colleagues also reported orthorhombic symmetry
for several samples of=9% with one exception; interest-
ingly, this one sample had a monoclinic celldf; type. The
M type of monoclinic distortion is not the same as Mg
type observed in the PZT systéniThe M, type hasb,,
directed along the pseudocubj&l10] direction, while, in
Mc, by, is directed along the pseudoculp@10].

In order to understand how the symmetry of the newly
discovered phases facilitates the polarization rotation, it is
useful to compare PZXPT with BaTiO;. However, there is
the question whether the new PZNT orthorhombic cell is
fundamentally different from the old BaTiOorthorhombic

7 PZN

—_
(=)
(=)

Counts/4 min.

o b o o0 0 cell, both with the same space group. The difference here
0.0 0.1 0.2 0.3 0.4 seems to be in the very-low-energy barrier existing in
(2,k,0) PZNxPT, between th® andM ¢ states, which allows th®
) polar axis[101] to rotate easily in the monoclinic plane.
FIG. 6. ConstanE scans at 7 me\phonon creationmeasured The high-resolution synchrotron x-ray powder diffraction

aF 400 .K and 650 K on a PZN-15%PT crystal. Inset shows thestudy of PZNXPT (10%<x<15%) as a function of tem-
SLS(E)V(\:;T :éoph:;rr‘]’s; ;E)ru;hte)e;:\/%r:doftixreﬁt{eegzgyﬁzg ggfdespgrature has allowed us to define the new orthorhombic re-
14 are also included and shown by two ve.rtical dotted lines © gion of the phase diagram. We show that the low-

' temperature orthorhombic structure of PZRT is found for
temperature phasé&00 K) and in the higher-temperature x=10% but not for higher concentrations. With the results of
phase650 K) are shown in Fig. 6. The solid lines are Gauss-this and earlier studies of PZMPT (8%<x=<15%), we
ian fits that show the peak position or a ridge of scatterindhave completed a revision of the PAR®T phase diagram
intensity shifted to smalleq as the temperature increases.around its MPB as shown in Fig. 7. The new orthorhombic
These data, shown schematically in the inset of Fig. 6, sugehase exists in only a narrow concentration range {86
gest that the ridge of scattering evolves into the expected T®11%) between the rhombohedral and tetragonal phases
phonon branch behavior at higher temperature. In the inset ofith near-vertical phase boundaries on both sides. These re-
Fig. 6, the solid lines represent dispersions of the transversaults, shown by the solid circles in Fig. 7, are in good agree-
acoustigTA) and the lowest-frequency TO phonon branchesment with those of Kuwata and colleagushiown by open
whereas the dashed lines show the presence of the steejpcles except for the two points indicating phase transitions
ridge of scattering intensity at~0.1 recipocal lattice units at about 250 K forx=11% and 12%. One possible reason
(r.l.u.) for PZN-15%PT and 0.14 r.L.u. for PZN at a tempera-for this discrepancy might possibly be two-phase coexistence
ture of about 500 Ksee Ref. 14 It is interesting to note that in their ceramic samples.
the appearance of the steep ridge of scattering is shifted to- To be sure that the proposed phase diagram corresponds
wards the zone center, i.e(2,0.14,0, (2,0.13,0, and to the ground state of these materials, the poled-unpoled
(2,0.1,0 for x=0%, 8%, and 15%, respectively, with in- problem deserves further attention. Due to the intrinsic dis-
creasing PT concentrations. So far 15%PT is the highest cororder existing in these relaxor ferroelectrics, the diffraction
centration that we have studied, and it is possible that thgeaks of the as-grown samples are very broad, and to solve
higher concentrations might show a softening of a zonethe true underlying structure by powder diffraction is an ex-
center TO phonon as observed in the conventional ferroeledremely difficult task. In order to induce the ferroelectric or-
tric PT” which would established the end member of thedered state the samples are poled by an electric field. The
waterfall. This indicates that the anomalous soft phonon beextremely sharp peaks of the ordered material allow us to
havior is not simply a feature of compositions near the MPBunequivocally determine the structure. However, due to the
but is extended to large values xflt must be related to the small energy differences between the different phases around
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Therefore, we believe that the new PART phase diagram
3 contains an orthorhombic intermediate phase for 8%
<11% as shown in Fig. 7, where thlevalues stand for the
600 | - nominal compositions.

For further characterization of PZMPT, we have subse-
quently performed a neutron inelastic scattering on the PZN-
15%PT single crystal to study the “waterfall” feature. As
was the case for PZN-8%P{Ref. 13 and later for PZN
(Ref. 149 measured at the same temperature, an anomalous
scattering ridge in PZN-15%PT is also found, but shifted
closer to the zone center. It will be interesting to study the
crystals of higher values of and then to trace the evolution
of the TO modes as a function &f Thus, the conclusion of

vy the present study is that the waterfall phenomenon is not
0O ; {;; : 5 T 30 associated with the new low-temperature phase near the

) MPB, but is a more general feature of the PXRT solid
% of PbT103 solution system, which retains to some degree the relaxor
_ _ ferroelectric characters, which are to be associated with the
FIG. 7. Updated phase diagram of PART around its MPB.

The open circles and solid lines represent the phase diagram t}:))/resence of the polar nanoregions.
. ) During the preparation of this manuscri ifferen
Kuwataet al. (Ref. 18. The results of this work, as well as those in uring the preparation of this manuscript two different

19 20 :
Ref. 3 x=9%), areplotted as solid circles. The new orthorhombic papers by Liet al.™ and Xue_t al"have rep(_)r'Fed the 0_pt|cal

. observation of orthorhombic and monoclinic domains, re-
phase(O) is represented by the shaded area.

spectively, in the related ferroelectric Pb(lvi\b,,3) Os-

the MPB, sometimes the poled and unpoled states of th8PPTIO; system (PMNXPT) arour;cli its MPB X=0.33%
samples do not have the same symmetry or, alternatively, the, 0.35%). A t_hwd paper by Yet ?"- reports the existence
symmetry can depend on the direction of the applied electri<9f a .monocllmc phase fm{* type in P.MN'35%PT’ Aller thg
field, as in the case of the=8% compositiorf. The as- apphcauon of an electric field. Work. is in progress to clarify
grown sample is known to be rhombohedral, but an irrevers\—"’_hICh type of low-symmetry distortion occurs in the phase
ible phase transition can be induced by an electric field apdiagram of PMNxPT. Recently, there have been several the-

plied along thd001] direction, and the sample poled in such oretical papers discussing the unique characteristics of these

23 ;
a way becomes orthorhombic. However, the initial rhombo-SyStems near the MPB:**They all point to the fact that the

hedral state can be recovered by grinding the crystals beIoJ\Vee energy becomes flat and isotropic close to the boundary,
~30 um? l.e., thatR, M4, O, M, andT are all nearly degenerate.

In a similar way, thex=9% composition showed very
sharp and well-defined diffraction peaks after poling, dis-
playing a clear orthorhombic symmetfhyn this case, how- We wish to thank W. Chen for an excellent job in crystal
ever, the poled and unpoled samples do not have intrinsicallgrowth. Research was carried ol parp at the National
different characteristics, as shown in Ref. 6, and the maii8ynchrotron Light Source, Brookhaven National Laboratory,
difference is the existence of a residual tetragonal phase iwhich is supported by the U.S. Department of Energy, Divi-
the unpoled samples. Here it is worth mentioning that it ission of Material Science and Division of Chemical Science.
very difficult to grow a perfectly homogeneous crystal andWe acknowledge the support of the NIST Center for Neutron
that certain compositional variations are always present foResearch, U.S. Department of Commerce, in providing the
the same nominal composition. In this work we have showmeutron facilities used in this work. Financial support by
that the poledk=10% crystal behaves much like the poled DOE under Contract Nos. DE-FG02-00ER45842 and DE-
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