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The magnetic ordering in single crystals of PsBasOg , , has been investigated by elastic neutron scatter-
ing over the full range of temperatures for reduced and oxygenated crystals. The crystals were grown in
alumina crucibles and therefore contained dissolved aluminum on ttfg €ite. Both aluminum and oxygen
contents were analyzed in detail in order to establish their effects on the magnetic ordering. Our crystals
exhibited Pr ordering and the two types of antiferromagnetic Cu ordering frequently reported in related
compounds, but our results differ in several respects from previous studies. We observed three-dimensional
(3D) collinear ordering of the Pr moments in the oxygenated crystal, with a finite correlation len@#c3)
A parallel to thec axis, but in contrast to earlier neutron scattering results, which tentatively placed the Pr
moment as being parallel to the axis, we find the moment to be aligned well away from thexis, in
agreement with recert®b®" Mossbauer spectroscopy results. Ridges of scattering indicative of 2D magnetic
ordering were seen in both oxygenated and reduced crystals, though we believe different magnetic moments
are responsible in each case. The PelNemperatures were suppressed compared with those reported for
nominally pure samples. We have observed a very small 3D-ordered moment on(fhesi@uin the second
type of Cu antiferromagnetic orderir{@ the reduced crystglbut an ordered Qi) moment may not neces-
sarily be a characteristic of this structure. Our results are discussed with reference to previous works, and in the
light of the Al substitution.

I. INTRODUCTION CuG, planes, as observed in YBau,0; .,  (i.€., the holes in
PrBaCu;0; resulting from the 3- valence of Pr have not
The suppression of superconductivity by praseodymiundisrupted the magnetic ordering of the Cu@anes. Fur-
in a number of families of cuprate superconductors, particuthermore, if there are holes on the planes in B@&gO,,
larly in PrBa,Cu,0;,! is an outstanding issue in the field of then why do they not superconduct like in Y8ax0,?
high-T. superconductivity. A successful explanation of the Models of the superconductivity suppression based on hy-
suppression effect will require a detailed understanding obridization of the Pr 4 electrons with the Cu©planes(such
the hole-doped Cuglayers and of the superconductivity fre- as that of Fehrenbacher and Riceill have implications for
guently associated with them. For this reason, studies of ththe magnetic couplings between the different ions and,
nonsuperconducting, Pr-containing cuprates may help us tence, for magnetic ordering. Experimental data on the types
understand superconducting materials. of exchange interactions, magnetic structures, and ordering
Experiments that are directly sensitive to the valence of Ptemperatures could be important to help evaluate different
in PrBgCu;O¢ ., have provided overwhelming evidence for models for PrBgCu;Og, 4, and our neutron diffraction ex-
a 3+ valence staté,though the Pr 4 orbitals almost cer- periments described here are an attempt to provide such in-
tainly hybridize with O D states on the Cufplanes. Such a formation in greater detail.
Pr-CuQ, coupling may be responsible for the anomalously The magnetic phase diagram of PsBa;Og, , has been
high magnetic ordering temperature of the Pr sublafticd  established by various techniques, including neutron diffrac-
comparison of YBsCu0; and PrBaCu,0; by electron-  tion. Mossbauef, muon® and nuclear magnetic resonance
energy-loss spectroscop§EELS) was taken to indicate that spectroscopyrevealed that the GB) moments begin to or-
the hole density on the Cy(lanes is not significantly af- der antiferromagnetically at, or slightly above, room tem-
fected by Pr substitution, which is evidence for a straightperature in polycrystalline samples of PyBayOs,, and
substitution of Pt for Y3*. On the other hand, the occur- that the ordering temperature increases slightly as oxygen is
rence of long-range antiferromagnetic order of the Cu mofemoved.
ments on the planes in PrBau;O; is rather surprising be- Magnetic ordering of the Pr sublattice, observed in bulk
cause such antiferromagnetism is characteristiorafoped measurements on polycrystalline PsBa;O,,>~> occurs at
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TABLE I. Structure refinement of the Oxford oxygenated cryst&,, (F) was 6.2%. The amount of oxygen present from the Cu-O
chain layers is 0.918) per chemical unit cell, indicating near-complete oxidation, with the total oxygen content beind18)7 ®ecause

of the near tetragonality of the sample, it is quite difficult to distinguish between thea®d Q5) sites, and so the sum of their occupancies,
0.9139), is given.

X y z Occupancy Uy Uy, Uas
Pr 05 05 0.5 0.998) 0.00878) 0.008710)
Ba 05 05 0.184745) 0.9935) 0.01255) 0.01087)
cud) 0 0 0 0.7505) 0.0281) 0.0081)
cu?) 0 0 0.3508%9) 1 0.00682) 0.01114)
o) 0 05 0 0.0362) 0.0192) 0.0162)
o) 05 0 0 }0.913(9) 0.012) 0.0362) 0.0162)
) 0.5 0 0.37021) 1 0.00803) 0.01436)
0@ 0 0.5 0.36881) 1 0.00803) 0.01436)
0(4) 0 0 0.15372) 0.9095) 0.0421) 0.0241)

17 K. From neutron diffraction measurements on polycrys-which has been found previously to substitute onto th€lCu
talline sample$,a simple magnetic structure was proposed insites'* Results from similar crystals are widespread in the
which the Pr moments point along tleeaxis (a “tentative” literature and are of value as long as the impurity level is
resuly and order antiferromagnetically in all three crystallo- known. Our crystals of Al-doped PrBau;Og., , have been
graphic directions. The Pr ordering temperature decreasasry thoroughly characterized by neutron diffraction and
with decreasing oxygen conteft!*but according to neutron mass spectrometry. In this way we can establish by compari-
powder diffractiot’ the magnetic structure appears to re-son with results from Al-free crystalevhen they become
main the same apart, perhaps, from a possible broadening afailablg, which properties are characteristic of the pure
the peaks along the axis, indicating a shorter correlation compound and which properties are due to the presence of Al
length in this direction. substitution. It would then be interesting to compare the lat-

The copper magnetic orderings described in this paper arer properties with the results of other doping studies.
referred to in the following wayh, k, andl being integers.

“Typcle I” relfers to the“phase"vvhen reflections are only seen at Il. SAMPLE CHARACTERIZATION
(h+3,k+3,1), and “type II” refers to the phase when re-
flections are seen ah¢ 3,k+ 3,1+ 3). “Type-Il intermedi- Three single crystals were investigated, two of them

ate” means that theh(+ 3,k+ 3,1) peaks are still present, grown in Oxford and one in Arhus. The crystals were pre-
and “type-ll ground state” means that they are absent. Thigared in alumina crystals, and so a degree of Al doping onto
simple naming system, based on what is actually observedhe Cy1) (chain-layey site is to be expected. The method of
avoids the potential danger of implyirggpriori any physical crystal growth of the Oxford crystals has been described
interpretation. In most experiments ®Ba,Cu,Og., com-  elsewheré® One of the Oxford crystal§mass 30 mgwas
pounds (R=lanthanid¢, when the copper magnetism annealed in nitrogen gas to remove oxydgéwereafter re-
changes it does so in the sequepagamagnetie-type | — ferred to as the “reduced crystal’The other crystal from
type-ll intermediate-type-1l ground states temperature de- Oxford (mass 100 mgand the Arhus crystalmass 50 my
creases. were annealed in oxygen for 6 monttigereafter referred to

The direct transitiorparamagnetie-type-Il ground state as the “oxygenated crystal” and the “Arhus crystal’'Most
has also been reported on one occasion, in the only previows the data presented here are from the reduced and oxygen-
single-crystal neutron diffraction study of magnetic order inated Oxford crystals.
PrBaCu,0q. .12 In that work, the magnetic ordering of the ~ We established the oxygen content of the Oxford crystals
Cu moments was investigated in a crystal after different anby refining their structures on the neutron four-circle diffrac-
nealing treatments. N&temperatures of at least 370 K were tometer TAS2 at RikoThe refined structural parameters are
reported for the copper ordering, which is somewhat highegiven in Tables | and Il. The lattice parameters used for the
than that found with polycrystalline samples by the localoxygenated crystal were 3.873, 3.928, and 11.710oB-
probes listed above. In samples with larger values bbth  tained by Jorstarndit al® for PrBa,Cu,0,), and those used
type-l and type-Il copper orderings were observed. for the reduced crystal were 3.908, 3.908, and 11.8448tA

In our experiments we also observed the Cu type-I andained by Lpez-Moraleset al’ for PrBa,Cu;Og). The total
type-Il phases, as well as Pr ordering. Our results, howevenxygen content of the oxygenated crystal is 61j3and for
differ in many respects from the single-crysfaland the reduced crystal it is 6.46). These numbers, however, do
powdef'? neutron diffraction investigations summarized not reflect the true oxygen content of the chain-layer sites,
above. Itis likely that different amounts of sample impuritiesdue to a significant underoccupancy of théOapical oxy-
are responsible for many of these discrepancies. For neutrayen site. The combined contents of the chain-layer oxygen
diffraction a relatively large crystdl>10 mg is required to  sites[O(1),0(5)] are 0.9189) and 0.283) for the oxygenated
obtain good magnetic reflections. At the time of these experiand reduced crystals, respectively. These chain-layer oxygen
ments, the only suitable crystals available were grown iroccupancies better reflect the effect of the different annealing
alumina crucibles, and so the crystals contained dissolved Atreatments given to the two crystals. The depletion of the
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TABLE IlI. Structure refinement of the reduced crystaR,,(F) was 6.0%. The amount of oxygen present in the Cu-O chain layers is
0.564) per chemical unit cell, with the total oxygen content being G40

X y z Occupancy Uy Uo, Uss
Pr 0.5 0.5 0.5 1 0.00423) 0.009219)
Ba 0.5 0.5 0.188®) 1 0.01027)
Cu(1) 0 0 0 0.8@3) 0.0252) 0.0062)
Cu(2) 0 0 0.35112) 1 0.00326) 0.0105810)
O(1)/0(5) 0 0.5 0 0.283) 0.034610) 0.0056) 0.0217)
0(2)/0(3) 0.5 0 0.36942) 1 0.00836)
o(4) 0 0 0.15204) 0.923) 0.0362) 0.02G012)
O(4) site in PrBaCu;Oq,  Crystals was also observed in . EXPERIMENTAL DETAILS
x-ray diffraction measurements by Lowe-Ma and

Vanderah® _ The neutron measurements were carried out on the TAS1
i oo . riple-axis spectrometer at Ris®he (002 reflection of py-

Because_ of the Ilkellh_ood qf_vacanmes,_ as well as AI_ anotoIitiC graphite was selected for the analy#ehen usegiand

Cu, occupying the Q@) sites, it is not possible to determine 1,0 chromator. Neutrons of incident energy 13.7 meV were

the Al content from diffraction alone. The QL) occupancies  employed, and a graphite filter was placed before the sample

given in Tables I and Il are based on zero Al content and argy eliminate higher orders. The in-plane collimation was

lower than the values given by Lowe-Ma and Vanderah. I%O’_BO’_Samp|e_60.open_ For measurements be|0W room

order to establish the Al content independently, we took aemperature, the crystals were mounted in eithéiHe cry-

small fragmentapproximately 10 mgfrom the Oxford oxy-  ostat or a closed-cycle refrigerator, and to reach higher tem-

genated crystal and analyzed the cation ratios by inductivelperatures a furnace was used. The total range of temperatures

coupled plasma mass spectrometi@PMS). We also mea- measured was from 1.6 to 380 K. The crystals were aligned

sured as a control a small crystal of Al-free PBa;0g,,  with the(1,1,0 and(0,0, reciprocal lattice vectors defining

grown by Th. Wolf in Karlsruhe. Table IlI lists the cation the scattering plane. Scans through the Bragg peaks were

ratios obtained from these samples. The Pr:Ba:Cu ratio okgither linear in reciprocal space, for example parallel to

served for the Al-free crystal is very close to the ideal 1:2:3,(h,h,0) and(0,0}), or werew scans, depending on which

but for the Oxford crystal there are noticeable deviationgvas more appropriate.

from the ideal stoichiometry. First, the Pr:Ba ratio is greater

than 1:2, which is an indication of excess Pr on the Ba site. IV. THEORY

In fact, we know there is Pr on the Ba site because we have The i itv of diffraction f I :

observed it directly on this same crystal, and also on another e Intensity of diffraction from & noncollinear magnetic

from a similar batch, by polarized neutron diffractibtSec- Structure at a scattering vectsiris proportional to

ond, the amount of Cu present is approximately 20% lower o

than the ideal ratio. This is partly accounted for by the ob-1(K)=>, ((5aﬁ—KaKﬁ)F“(K)Fﬁ*(K)> (a,8=X,Y,2),

served concentration of Al, which from Table 11l is approxi- @p

mately 4% of the total amount of Cu. Measurements by elec- 1)

tron probe microanalysisSEPMA) of other PrBaCu;Og,,  where( ) denotes a domain averagee assume that an equal

crystals grown in Oxford have revealed Al concentrations ofpopulation of domains existsd, g is the Kronecker delts,

between 6% and 9% of the CtiAssuming that the Q@)  is the component of the unit scattering vector, &K ) is

sites are fully occupied by Cu, then we estimate that onlythe (vecto) magnetic structure factor given by

57% of the C(l) sites are occupied by Cu, 12% contain Al,

and the remaining 31% are vacant. In summary, the chemical

formula of the Oxford oxygenated crystal is F“(K):Ej: pi Fi(K)exp(iK-ry), @)
Pr(Ba,_,Pr,)Cu;_y_,Al,Ogy, with x=0.73, y=0.12,
z=0.048, andv (vacancies=0.31. wherej labels the magnetic moments in the unit cglf; is

the @ component of th¢th moment f;(K) is the form factor
of that moment, and; is its position.

For the case of a collinear arrangement of magnetic mo-
ments of the same magnitude (i.e., all the moments are
either parallel or antiparallel to a particular directipthis
can be simplified:

TABLE IIl. Cation ratios measured ofi) the Oxford oxygen-
ated crystal and(ii) an Al-free PrBaCuOg.y crystal, by
Inductively-Coupled Plasma Mass Spectrometry.

Element (i) (i)

Pr 0.184 0.166 =0, @
Ba 0.343 0.340 wheres;=+1, so that

cu 0.452 0.494

Al 0.021 i

I(K)=pu1— (K- )?] ; o (K)expliK )| . (4)
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FIG. 1. The Chemical unit cell of PrB&u;0;. e

In Eq. (4), the expression has been decoupled into two parts.
The first factor(the “orientation factor’) depends only on
the relative orientation of the scattering vectérand the
direction of the magnetic momerys The second factor con-
tains information about the magnetic structure and is the
structure factor of a collinear ordering.

Equations(1) and(4) have units ofu3, and all measured
intensities were normalized to these units by comparison F(K)=16i ucyo)feuz) (K)sin(2mlz), (5

with nuclear reflections. For the calculated intensities, th‘?/vherez is the fractional height of the G2) moment from
sums in Egs(1) and (4) were taken over a magnetic cell e paga| plane. The magnetic moments lie parallel tathe
which was 22x2 chemical unit cells. The chemical unit 5306 byt because of domain averaging the absolute orien-
cell is shown in Fig. 1, and all reflectionsnagnetic and  (5ion of the Cu moments within the plane does not affect the

nucleay are indexed with respect to this cell. _ Bragg intensities and so cannot be determined. Reflections
For the Cu moments, form factors corresponding to thg.c\r at h+1.k+1,1), whereh,k, are integers andl=0.

3d wave function with symmetry of the type,2_y2 were  [The | =0 reflection does not occur due to the sinusoidal
used;™“*for the Cu2) moments, the axis of quantization)(  giyycture factor Eq(5).]
points along the axis, whereas for the CL) moments it is The intensities measured at 40 K are given in Table IV.
assumed to point along treeaxis. Linear radial expansions These intensities correspond to a measure@Quoment of
or contractions of the free-ion wave function were permitted,, 2=(0.493-0.010 45 . The fitted form factor indicated a

U . . .

to allow for the effects of the crystalline environment. _radial contractior(compared to the calculated free-ion wave
For the Pr moments, the dipole approximation was used iR nctiong of B=(22=2)%.

calculating the magnetic form factor. We assumed the ions

are in a Pt' valence stat¢S=1, L=5, J=4). TABLE IV. Observed and fitted intensities for the oxygenated
In calculating the intensities, the resolution of the triple-crystal in the Cu type-I phase at 40 K.

axis spectrometer and the intrinsic shape of the scattering

FIG. 2. Cu type-I ordering.

were taken into account as described in the Appendix. (h.k,1) lopd 4 i/ u
331 21.4+0.2 21.4
112 36.0:0.4 36.0
V. RESULTS i1y 3902 40
We will consider the magnetic ordering phenomena ob-4,3,4 15.8:0.4 15.6
served in the oxygenated and reduced crystals separately. 315 42.9-0.7 43.3
ii6 14.4+0.6 13.9
1317 4.0+0.6 3.9
A. Oxygenated crystal 334 8.1406 8.6
The oxygenated crystal ordered into the type-I phase witf? 2 2 12.5-0.7 12.4
a Neel temperature of =360 K. This is a simple, collinear, 333 2.8:0.7 1.3
antiferromagnetic ordering of the ) moments, as shown ¥=1.0

in Fig. 2. The structure factor from EQ) is
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0.28 | | S Typel \ , Type-II (Ground state
0.0 0.1 0.2 0.3 0.4 Type-II (Intermediate Phase)
(sin 8) / A ¢ Copper moment, shown in ab plane.
As temperature decreases, alternating bilayers
FIG. 3. Experimental and calculated @uform factors for the rotate in opposite directions.
oxygenated crystal in the Cu type-l phase at 40 K. Open circles
represent theh:% series; solid squares represent theg series. FIG. 5. Transition from Cu type-l to type-ll ordering via the

The solid line shows thd,2_,2 symmetry, whereas the dotted line intermediate phase.

shows thed,> symmetry.

ture has a periot, and so reflections are observed for
1=1,2,3,.... In the type-ll intermediate phase, the compo-
Jients of the moments parallel #=0 have period, whereas

and the necessity of using this symmetry, we show in Fig. ; .
the variation ofuf(K) with (sin §)/\. The experimental data th? components pe.rpend|cular ¢0-0 have period 2. For
this reason, reflections are seen bothlatl,2,3,... andl

are in much better agreement with tthe .2 symmetry than . ) i
the spherical symmetry, as observed pryevioﬁ%n]he 2 of =33.3,... . Finally, in the type-Il ground state, if it occurs, the
the fit using the spherical form factor is 24. magnetic structure only has a periodicity of,2and so re-

i 135
Figure 4 shows the intensity of one of the type-I phaseﬂe%Ions are observec_i onlyr?t:z’tzﬁz"t" ) Il ordering has b
reflections, the(3,3,2), as a function of temperature. At a N prévious occasions when the type-il ordering has been

temperature of approximately 11 K, there is a sudden deQbseryed inRBaz.C%OGH’. it has often been Fepo”ed that
: ere is an additional antiferromagnetic ordering of the sub-

L ; : ; h
crease in intensity. This corresponds to a change in the Crfj . S
magnetic structure and also coincides with the developme itice of Cu1) moments, alon_g the_ lings=90 ; Reports
iffer as to whether the coupling with the adjacent(8u

of a new magnetic phase which, as we show later, involve

Pr ordering. At this temperature the magnetic structure of thgnoments is ferromagnefitor antiferromagnetié, and the

Cu moments turns into the intermediate phase of the type-l?Ize of the C(l) moments also varies greatly. We could not

Cu structure. This is a noncollinear ordering which involvesf[e" whether or not there were ordered moments on theCu

a rotation of alternating bilayers of €2) moments in oppo- ions in the oxygenated crystal as the intermediate phase had

site directions, as shown in Fig. 5. The direction of the mo—Only just developed, and so tHet ; reflec_:tions were still
ments remains in thab plane, and when the rotation is weak at the lowest temperatures attainable. The type-II

complete (¢=90°, a state not reached in the oxygenatedgro_llfr?d state{l(:;g. 6 is pot ﬁttame(:faﬁgo KI dat 411
crystal, the moments are once again in a collinear arrang? € second magnetic phase which developed at aroun

. . 1 1
t (the tvpe-l| d state The tvpe-| tic struc- was also char_acterlzed_ by reflections atH5,h+3,1),
ment the type-Il ground staje The type-I magnetic struc | =integer, but with the difference thd&=0 was a strong

reflection. These new peaks were significantly broader in the
50 | direction than the experimental resolution and Lorentzian
in shape, but in théh direction they were resolution limited.
(', ', 2) Cu peak The extent of this broadening is illustrated by the surface/

g, contour plot of the(3,3,0) peak shown in Fig. 7.

“ Although the peaks showed only imperfect long-range or-
der in the c direction (demonstrated by the existence of
broadening alond), we shall refer to them as three dimen-

sional (3D). By this we do not mean that the ordering is

driven by an interaction which is strongly three dimensional
in character, but only that the resulting structure showed or-

% der in three dimensions—hence, we obse(@®) Bragg

0 | | 1 peaks, not thé2D) Bragg rods which would occur if there

0 100 200 300 400 were no order in the third dimension. We make this point to
Temperature/K avoi(zjsthe confusion that has, on occasion, occurred in the
past:

FIG. 4. Intensities of the3,3,2) reflection of the oxygenated The intrinsic width [half width at half maximum
crystal as a function of temperature. The data are a combination dHWHM)] in the ¢ direction of this Lorentzian peatafter
several runs as indicated by the symbols. The systematic unceg&ccounting for resolution effegtat 1.6 K is 0.0280.002
tainty in the absolute intensity is approximately 8%. AL As stated earlier, the Cu ordering should give no reflec-

To demonstrate the anisotropy of tidg2_,> symmetry
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FIG. 8. | scan measured on the oxygenated crystal at 1.6 K,
showing the Cu reflections datandlf% (I=integer,>0) and also
the Pr reflections akt (I =integey. Aluminum powder lines around
I=4.5 and 5.5 have been removed for clarity. The counting time per
point (a monitor count of X10°) was approximately 50 s.

T
’

O
—0

tions (h+3,h+3,1), we need to account for the two contri-
IL 5 butions in the analysis of the intensities.
This procedure is simplified if we note that, as long as the

FIG. 6. Cu type-ll ground state, showing the case when theordel’lngs of the contributing moments within the Cu and Pr

Cu(1) moments are coupled ferromagnetically to the adjacex®Cu sublattices are separately collinear, the geometric parts of

moments. their structure factors are 90° out of phase. From(2j.the
combined structure factor then has the form“(K)
tion at|=0: The Cu2) moments cannot contribute b0 —F prtiF cu, whereF ¢, andF 5, are realwith our choice of

due to the bilayer structure factor, &), and the antiferro-  @xes. It then follows thatl (K)=1¢,(K)+1p(K) because all
magnetic sublattice of the CL) moments only contributes to the cross term& 3F ¢, andFEF &, in Eq. (1) vanish. Hence

| +3 (I=intege) reflections. The?,3,0) peak, therefore, must the Cu and Pr contributions add agtensities not ampli-
originate from magnetic ordering of the Pr sublattice. Al-tudes

though the Pr and Cu type-ll orderings commence at the To obtain detailed information on the simultaneous order-
same temperature in the Oxford oxygenated crystal, we ding of the Cu and Pr moments, we performed two wide scans
not believe that the phases are necessarily coupled. In oat a temperature of 1.6 K parallelto (3,3,/) over the range
other oxygenated crystal, the Arhus crystal, the Pr ordered-0.4<|<7.2 and(3,3,|) for —0.4<|<2.3. Figure 8 shows
phase was observed to commence without the presence tife complete scan along thg,3,1) direction. The ordering

the Cu type-Il phase. was also investigated via scans performed parallel to
Having established that, at low temperatures, both Cu angh h,0).

Pr ordering can coexist and that both phases produce reflec- puring the analysis of these scans, however, we found

evidence for a continuous ridge of magnetic scattering par-
11

3504 allel to | over the entireg(3,3,1) scan. Figure 9 shows scans
3004 parallel to (,h,0) and(0,0)) centered on(3,3,6.5 which
= clearly show this ridge.
42307 This ridge is much more intense than can be accounted for
% 200 by the tails of the surrounding Lorentzians from the Pr or-
8 1564 dering(by a factor of at least 20Furthermore, the ridge was
‘§ only observed at temperatures below 5 K, and so it does not
g 1007 appear to correlate with either the onset of the type-Il Cu
50 ordering or the Pr ordering. Within error, there is no evidence
0l - s for any intrinsic width in thehh direction. Since the Q@)
0.16 g 112" moments are already strongly ordered and the Pr moments
0 1.04 ] . ..
008 416 order at about 11 K, it seems most likely that this is a Bragg
0,0, /A" &, h,0)/ A" rod arising from a two-dimensiongPD) ordering of the

Cu(1l) moments within the basal plane of the unit cell. We
FIG. 7. Peak at3,3,0) in the oxygenated crystal at 1.6 K.  would also expect &3,3,) ridge to exist, and although we
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FIG. 9. () hh and(b) | scans through thg},3,6.5, showing the FIG. 10. Fits for the(a) hh scan and(b) | scan through the

existence of a ridge of scattering alohgOnly about 3% of this position(3,3,1), measured at 1.6 K. The individual contributions are
ridge can be attributed to Lorentzian tails. The wifhill width at ~ (dashed lingflat background(dot-dashed line2D ridge, (double-
half maximum (FWHM)] of the rod in the f,h,0) direction,Ah  dot-dashed lingPr peak,(dotted ling Cu peak, andsolid line)
=0.025+0.006, is comparable to the calculated resolution width oftotal.
0.020. The shaded region is the background.
tion from the Pr contribution for the two reflection$,3,1)
did not perform scans specifically to investigate it, our mea-and (3,3,2), where the resolution was most favouraléee
surements indicated that, if the ridge exists, it is muchFig. 10. These Cu intensities, together with those3$,3)
weaker than thé3,3,l) ridge. and (3,3,2), then allowed us to establish the @umoment
Summarizing, at 1.6 K we observed sharp reflections fronand the turn angleb.
3D Cu ordering, Lorentzian peaks from Pr ordering, and a (iv) The Cu contributions to the othég,3,1) and (3,3))
diffuse ridge of scattering parallel tb underneath all the reflections at 1.6 K were deduced by scaling the reflections
other magnetic peaks. Unfortunately, during the experimenmeasured at 18 Kabove the temperature for the Pr and ridge
itself, the ridge was not recognized, and so we have no scarsattering to match the(3,3,1) and (3,3,2) Cu intensities at
across the ridge at noninteger or half-intedepositions. 1.6 K previously found.
Hence we fitted the data, taking proper account of the reso- (v) Finally, with the Cu and ridge intensities known, the
lution and the intrinsic scattering functiorisee the Appen- Pr intensities of the peaks were determined.
dix), according to the following procedure. We will discuss first the intensities obtained for the ridges.
(i) The intensities of the3,3,1) and (3,3) ridges were Table V gives the ridge intensity at 1.6 K for each position
determined at various points along their length from some ofvhere it was determined.
the hh and| scans. The scans used for this purpose were These small intensities are very difficult to measure and
those that contained intensity from only one type of 3D or-for the h=3 series were beyond the sensitivity of our mea-
dering and so were the simplest to analyze. The observeslirements. For the=3 series, there is also no modulating
ridge intensities were modeled as described below, and fdiactor, implying that all the correlations are within one layer.
the remaining analysis the ridge intensity was calculatedAs discussed above, it seems most likely that the ridges of
from the model and treated as a fixed parameter. scattering arose from 2D antiferromagnetic ordering of the
(i) The intrinsic widths of all the Pr Lorentzian peaks Cu(1) moments in theab plane. Using this model we calcu-
were assumed to be the same as the intrinsic width detelated the intensities;; given in Table V. The calculated and
mined from the(3,3,0) reflection by taking into account the observed intensities agree quite well, and th¢lCmoment,
resolution(see the Appendjx assumed to be in theab plane, was found to be
(iii) We were able to isolate accurately the Cu contribu-uc,;)=(0.32£0.04ug within this model.[The mean mo-
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TABLE V. Intensity of the diffuse ridges of scattering at 1.6 TABLE VII. Measured and fitted Pr intensities at 1.6 K@ is
K. g is the measured intensity obtained frdrh and| scans  the angle of the Pr moment away from tbexis.

through the f,k,l) positions given. Iy is the intensity calculated

from the model described in the text. (h,k,1 lopd i3 oo/ lp—sgdl
(h.k.1) | oodiid | 1 %,%,o 12.8-1.3 12.7 9.4
— ?,3,1 10.651.2 10.2 9.5
3.3.9 1.2£0.3 0.9 %%2 11.451.2 6.3 9.6
222 1.1+0.3 1.0 3,3,3 9.0+0.7 3.7 9.4
222 1.4+0.2 12 3,3,4 7.2+0.8 2.3 8.9
22:2 0.8+0.2 12 3,3,5 8.7+1.6 1.4 8.1
222, 1.3+0.5 11 E,E,G 8.0+0.8 0.9 7.3
222 1.2+0.4 0.5 53,7 7.8-0.9 0.6 6.4
220 0.4+0.4 0.5 330 7.2+0.8 8.6 6.4
223 0.2+0.3 0.5 331 3.8+0.7 8.3 6.3
222 0.2+0.3 04 332 8.2:1.2 75 6.3

X’=15 2=32 ¥=3.8

ment per C() site was(0.18£0.0 ug—the value ofuc,y The intensities of reflections characteristic of these differ-

refI'Negi wg coocr::suig:pggeor;;hzgusrgz gﬁgztt?:(;(gﬂoiztse.]nsi ties i]ng low-temperature magnetic structures were followed with
emperature, and these are plotted in Fig. 12.

the type-ll intermediate phase at 1.6 K. These are given in
Table VI, and correspond to a @) moment of
Keup=(0.45-0.03 15, with a turn angle of ¢=(19.1 B. Reduced crystal
*0.3)°. We could not ascertain whether or not there was a The reduced crystal was found to exhibit substantial dif-
small three-dimensionally ordered moment on thelfsites  ferences in the Cu and Pr ordering compared to the oxygen-
from this limited data set, but this would be unlikely if the ated CrystaL Figure 13 shows the temperature dependence of
Cu(1) moments were already ordered in two dimensions ashe (1,1,2) intensity. The crystal orders into the Cu type-|
suggested by the diffuse scattering ridge. phase at 370 K and then enters into the type-Il intermediate
Finally, we list in Table VII the intensities deduced for the phase at 100 K.
Pr components to the peaks. We initially fitted the intensities To check the model for the intermediate phase, we mea-
assuming the Pr moments to be pointing along ¢haxis  sured sets of reflections at two different temperatures 30 and
(6=0), as has been previously suggestets can be seen 57.5 K. Table VIII lists the observed and fitted intensities
from Table VII, however, this model does not give a good fitmeasured at 30 K, a temperature which is approximately
to the experimental datg®=32). As |K| increases, the ori- midway between the Cu type-I and type-Il ground states. The
entation factor suppresses the model intensities much mojgtensities were fitted both with and without a moment on the
quickly than the observed intensities. We then allowed the Pgy(1) site present. A slight improvement to the fit was made
moments to point at an angkaway from thec axis, and  py including the moment, and this fit is given in Table VIII.
much better agreement was obtained. The best fit gave The results of the fit for data taken at 30 K were aZu
p=(0.500.04 g, 6=(59+3)°, with a x* of 3.8. moment of ucyz=(0.57+0.06uz, a Cul) moment of
Any remaining discrepancies between the data and the f;&Cu(l):(o_oggto_owa (assuming the same amount of va-
could be caused by the true form factor of the Pr momentgancies and Al contamination as in the Oxford oxygenated
not being the same as that predicted by the dipole approXxirysta), a turn angle of¢=(48.5+0.5°, and a radial con-

mation due to, for example, hybridization or crystal-field ef-traction of 8=(17+3)% in the Cy2) ion wave function. In
fects.

We cannot determine the absolute orientatipof the Pr
moments within theab plane. We can determine, however,
that they are collinear, since reflections are only seen at in-
tegerl. The model for the Pr ordering in this crystal is illus- oO| e
trated in Fig. 11.

TABLE VI. Measured and fitted Cu intensities at 1.6 K of those
peaks where the Cu contribution is easily resolvable from other

features.
®) [ J
(h.k,1) lobd 18 i/
33,1 15.9 +0.3 15.6
33,2 26.1+0.4 26.3
33,3 2.87+0.13 3.12 FIG. 11. Pr ordering. The moments exist in%3,0) magnetic
%%g 2.32+0.14 1.85 structure, pointing at an anglé away from thec axis. All the

moments have the samgorientation.
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TABLE VIIl. Observed and fitted intensities at 30 K in the

14
YN type-Il intermediate phase of the reduced crystal.
12 4 Aglz, /,» 0) Pr peak
= 404 (h,k,1) lobd 18 Il
2 11
87 55,1 11.3:0.5 12.8
£ 8 A 11
= 515:2 19.3t1.4 21.6
75) 6 a ii3 2.5+0.5 2.6
2 4 (k') Cutype-IT peak 3.3.4 9.3+0.6 8.8
< 0o 135 27.7:0.8 25.6
27 o, "To_aa ile 9.7+0.8 8.8
Ridge a 33
0 T I ‘ ! : Dlé—lﬂ g:é:; 42;{8; g;
0 2 4 6 8 10 12 22:2 5.6-0. :
T wre/K 21212 5.2+0.2 51
emperdinte 113 25.9+1.2 25.8
115
FIG. 12. Intensities of characteristic reflections of the low- 2:2:2 17.0+0.8 17.4
temperature phases of the oxygenated crystal as a function of tenﬁrgl 27+3 24.8
perature; the ridge intensity was measured at(thg0) position. 223 20x6 26.8
The systematic errors in the absolute intensities are about 10%. %%% 8.4+0.7 8.7
333 5.8+0.7 5.4
view of the results found at lower temperatufese below, =21

we believe the nonzero €1) moment is a genuine effect.
The moment is coupleterromagneticallyto the C§2) mo-  seen in thénh scans through=0 andl =3. Thel scan shows
ments above and below it, as illustrated in Fig. 6. that the ridge is essentially flat in this small region.

At 57.5 K, the fit gaveucyy=(0.57+0.05uz , $=(29.8 As di_scussed above, the ridge of scattering yvhich we ob-
+1.2)°, and8=(25+3)%. There was not enough data at 57.5Served in the oxygenated crystal seemed to arise from a 2D

K to determine safely whether or not there was a small mo2rdering of Cél) moments. In the reduced crystal, however,
ment on the C(L) ions. This fit had g2 of 1.2 it seems more likely that the ridge is being caused by a 2D

In contrast to the oxygenated crystal, in the reduced CrySc_)rdering of the Pr moments. We base this deduction on three

—00° bservations: (i) the absence of any 3D Pr ordering in this

tal the Cu type-Il ground stategb=90°) was reachedas can 0 " !

be seen in Fig. 13 Table IX lists the observed and fitted crystal, (i) the apparent existence of a_3D ordered_(__ﬁu

intensities of the type-Il ground state at 4.2 K. The fit gavemoment up to temperatures at I_east as high as 3.0 K(iand

ficun=(05970.09ug,  peyy=(0.04200.0105,  and the manner in which the ridge intensity falls off inas we
.59+0. , u . . , i

B=(14+5)%. If the Cu1l) moment is constrained to be zero, now discuss. . . . .

then a much worse fity’=6.7) is obtained. Even though the rod is flat in the small region shown in

We observed no 3D ordering of the Pr moments in the 19- 14b), you would expect a variation wit due to the

reduced crystal. Below about 8 K, however, we did observe gor_rlr_l :‘)z?ct;)(r a;]nd the orientation factfsee Efq'ﬁ]')]'. dae i .
ridge of scattering indicative of 2D order. Figure 14 shows able X shows some measurements of the ridge intensity

the scattering around th,3,0) position at 1.7 K. There is no Ségig?rtigt gﬂgﬁsdozq%tr:eﬁrugzr?usrtfoafgli'r?ﬂ5ér-1r:ee (tjfilrr?)(l:,l-gh
3D Bra eak centered ds,3,0), but the ridge is clearl ; - o
fagg pea ntered d,2,0), bu rage 1s y the orientation factor, on th& dependence of the ridge in-

tensity. The intensities in Table X have been fitted with the

50 assumption that the ordered moment is from the Pr sublattice
and that it points along the axis. The close agreement with
o 40 - a® mgm the observed intensities supports these assumptions. Since
if E we expect the G) moments to lie in theab plane, it is
£ 30 - u . ] unlikely that the ridge of scattering could arise from 2ap-
g ! ] per ordering.
f (1 '1,, 2) Cu peak ° i . .
2 20m TABLE IX. Observed and fitted intensities of the type-II ground
] 4 state for the reduced crystal at 4.2 K.
< N °
1. H (h.k.l) ond 3 i
0 " T T T L 3 %,%,% 9.0+0.3 8.9
0 100 200 300 400 %%g 46.7+0.8 47.0
Temperature/K ?‘?S 33.0:0.9 33.2
55,5 42.6+1.3 41.8
FIG. 13. Intensities of thé1,3,2) reflection as a function of 33,5 4.2+0.9 3.4
temperature. The data are a combination of several runs as indicatég, 3 13.5+1.7 14.2

by the symbols. The systematic uncertainty in the absolute intensity x¥’=0.8
is approximately 12%.
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50

2

40 -

5 x 10°

% 1/2, 1/2, 3/2) Cu type-II peak

éZAQAD

] ]
20 O

1, 1 5A
¢l 'ty O
10 | Cu type-TI peak
Ridge =
0 90— ; T T =
046 048 050 052 054 0 20 40 60 80 100
(h, h, 0.0) and (A, h, 0.25) Temperature/K

30 H

Counts/mon

O

Absolute Intensity /

b FIG. 15. Intensities of characteristic reflections of the low-
(b) temperature phases of the reduced crystal as a function of tempera-
ture; the ridge intensity was measured at (éé,o) position. The
systematic errors in the absolute intensities are about 11%.

creases in magnitude below 15 K. This may be due to some
interaction with the 2D ordering of the Pr ions which is
causing the ridge intensity.

Counts/mon=5 x 10°

VI. DISCUSSION

02 00 02 04 06

Varying the amount of oxygen in the samples has a sig-

N nificant effect on the ordering observed at low temperatures.
Table XI summarises the onset temperatures of the various
FIG. 14. (3 hh and (b) | scans of the ridge in the reduced phases observed in the oxygenated and reduced crystals.

crystal at 1.7 K. The peak at=% in (b) is a Cu type-Il ground-state

reflection. The shaded region is the background. A. Pr ordering

In this paper we present a single-crystal neutron diffrac-

n determination of the magnetic ordering of the praseody-

&nium sublattice. Our results differ from those obtained pre-

viously by other methods in a number of ways, and it is

Our conclusion is that the ridge of scattering is caused b¥io
a 2D antiferromagnetic ordering of the Pr moments, with th
moment direction along the axis. The magnitude of the

ordered moment at 1.5 K jgp,=(0.31+0.05ug , butit may  perhaps best to consider these differences in turn.

not have reached its fully ordered value. First, we find that, in our oxygenated crystal, the magnetic
The intensities of reflections characteristic of the two dif-moments, though collinear, are tilted away from thaxis by
ferent magnetic structures observed at low temperatures ifn angleg=(59+3)°. This result has been established on the
the reduced crystal are shown in Fig. 15. basis of 11 different magnetic reflections. Neutron scattering
Below 15 K, the Cu type-Il reflections show a reduction has been performed previously on oxygenateowder
in intensity as temperature decreases. As both(2j¢l) and sample$, but in this case there were only two resolvable
the(3,3,3) reflections show this effect, the decrease cannot bpeaks and the spin direction of the moments could only be
the result of the C{1) moment increasing and combining “tentatively” assigned to thes axis, i.e.,=0. Interestingly,
destructively with the C{2) moment(if this were the case, if we only look at our two strongest Pr peaks, {§¢g,0) and
then one reflection would increase in intensity while the

other decreasgdWe conclude that the @2 moment de- TABLE XI. Onset temperatures of the various proposed mag-

netic structures in the oxygenated and reduced crystals.

TABLE X. Intensity of the ridge of scattering in the reduced

crystal at 1.5 K. lg is the calculated intensity assuming a 2D _ Oxygenated Reduced

ordering of the Pr moments. Magnetic phase (K) (K)
Cu type | 360 370

h,k,| | opd B i/ . .

(h.k.D ond 1B /e Cu type Il (intermediatg 11 100

113 49+1.4 3.7 Cu type Il (ground state 5

112 2.650.9 2.9 Cu(1) 2D ordering? 3-4

112 1.8+0.8 2.3 Pr 3D ordering 11

x°=0.55 Pr 2D ordering 8
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(3,3,1), we also have good agreement #®«0; it is the in- ¢ axis) was reportec},2 but the correlation length along tlwe
clusion of the weaker reflections which reveals the nonzeraxis was found to be only-10 A, showing the system to be

value of 6. very close to 2D.
However, our result is not completely isolated. Hodges
et al?® have performed’®b®" Mdssbauer spectroscopy on B. Cu(1) and type-Il ordering

polycrystalline samples, and their results also suggest that

) > Neutron scattering studies in the past have occasionall
the Pr moments are aligned well away from thexis. In g b y

: . X implied that the existence of the type-Il phases., interme-
fact, th_ey were able to oobta_ln a 900d fit to their datg bydiate and ground statmecessarily requires the presence of
assuming a value d#~65°, which is in good agreement with o, ordered (1) moment. However, the same types of re-
our value.(They obtained a slightly better fit by allowing  fiections would be present whether or not the Zunoment
to show a distributiop _is ordered(see Fig. 5. Only a detailed analysis of the ob-
Itis legitimate to ask if this tilting of the Pr moments is served intensities can reveal the presence of an ordered
universal in PrBgCu;Og ,  Or if it is sample dependent. As  Cy(1) moment and show how it couples to its neighbors.
mentioned above, previous diffraction data are consistent Previous reports of ordering of the @ moments have
with ours, though they suffered from a lack of resolvablebeen varied. The G) moments in the type-ll ground state
peaks. However, it is worth remembering that the easy moef NdBaCuyOg ; 6, Were found to be ordered and coupled
ment direction is determined by the crystal-field levels,antiferromagneticallyto the adjacent Q@) moments* In
which may be influenced by impurities or oxygen content.YBa,Cu;Og 35 0On the other hand, the evidence suggested a
The lowest crystal-field levels of PrBau,Og .., consist of a ferromagnetic coupling?® In our refinements we allowed
closely spaced quasitriplet of states, which may be suscegpoth ferromagnetic and antiferromagnetic couplings, but the
tible to subtle chemical changes. refined parameters unequivocally showed that the coupling
A moment direction away from the axis may also pro- in our reduced crystal was ferromagnetic,' as found in Ref.
vide an explanation as to why the Pr peaks are broadenegB- In our oxygenated crystal, the coupling could not be
along thec axis even at 1.6 K. It would seem likely that there determined as there was no orderedXFumoment within
would exist different¢ positions degenerate in energy, and &XPerimental error. NMR measurements on B@g0,

so the structure may involve spin domains with differgnt Nave foundno ordered C() moments down to 1.4 Kiin
orientations. These domains would be layered: strongl ur oxygenated crystal, we also observed no 3D ordering

correlated in theb plane, but with a short coherence length nvolving the Cy1) moments, though it seems likely that 2D

of 1/(0.029-0.002=(34+3) A in the ¢ direction ordering did occur. Rosoet al,*® using single crystals of

PrBaCu;Og., «, have reported the surprising result that the

A further difference between our results and those PreVithain moments were not restricted to lie in the basal plane.

ously reported for the Pr strgcture in_ oxygenated _samples i?inally, NMR and nuclear quadrupole resonaiibi@R) re-

that we observe ferromggnletlc coupling alongafexis; i.e.,  gearch oiRBa,Cu,0 ., compounds suggests that there is no
the propagation vector '@jé'o)' whereas in powdetst has “local magnetic fields at the €l site in pure sample¥,
been observed to be antiferromagnetic; i.e., the propagatiofough an ordered moment is produced by the substitution of

vector is(3,3,3). However, examples of different couplings in just 19 of Fe for C@@) (Ref. 30 or by hydrogenation of the

samples containing the same rare-earth ifos example,  pasal plané!

Er) are not unusudl’ It is probable that, in our case, the  Hence the existence and coupling of the(Gumoments

superexchange has been influenced by the Al substitution ajppears to be sample dependent in some way. Indeed, the

the Cu1) site. Li et al?® have shown that doping Zn onto the very existence of type-Il orderings may depend on the pres-

Cu(2) site in PrBaCu;Og ., « also changes the coupling along ence of impurities. Recent work has shown that pure,

c to be ferromagnetic. aluminum-free YBaCu;Og,, Samples do not exhibit the
Aluminum substitution is also probably responsible fortype-1l phase$? Only further work, with more careful

the depression of our 3D Pr BetemperatureJp,, which ~ sample characterization, can resolve these difficulties.

have previously been found to be about 17 K in oxygenated

sampledand 11 K in reduced sampl&%Again, this shows C. Type-I Néel temperature

the influence of Al on the superexchange: We observed 11

K in our oxygenated crystal and no 3D Pr ordering in our

reduced crystal. Substitution of Fe and Ni onto thé Jsite ment with previous powder studffand some of the single-
has also been shown to redugg, (Ref. 29 at a rate of  (yta| datd® The absolute values for the Bleemperatures,
dTp/dz~0.65 K/at. % anddTp/dz~0.45 K/at. %, respec- powever, are more widely distributed. We fifig~360 and
tively; the Oxford oxygenated crystal has a depression rat870 K for our oxygenated and reduced crystals, respectively,
(with Al substitution) of dTp/dz~0.50 K/at. %. compared withT =285 and 325 K by muon spin resonance
With the superexchange along tieeaxis disrupted by (4SR)® and Tn~325 and 350 K by 'Fe (10%) Mossbauer
both the removal of oxygen and the presence of Al, the Pgpectroscopy.Again, this elevation ofTy in our crystals
sublattice in the reduced crystal is apparently able to ordemay be the result of the Al substitution at the (Cusite
two dimensionally in theb plane(i.e., with no correlations influencing thec-axis coupling or the charge doping level.
along thec axis), and hence we see Bragg rods in this crystal In summary, our single-crystal neutron diffraction studies
below about 8 K. In powder samples of PeBasOg 5, a 3D on well-characterized, oxygenated and reduced samples of
magnetic structurécoupled antiferromagnetically along the PrBaCu;Os., have revealed a more complex magnetic

We have found that the type-l Metemperature depends
only weakly on oxygen content in PrBau,Oq, 4, in agree-
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phase diagram of the Pr and Cu ordering than has previously
been suggested. In the 3D ordered phase of the Pr sublattice,
we have found the moments to be tilted away from the crys-
tallographicc axis, we have observed different types of 2D
ordering in both crystals at low temperatures, and we have
discovered unusual magnetic behavior of thg T sites in

the type-1l phases. Measurements on purer crystals are in
progress to establish which of these details are intrinsic to
PrBaCu;0; ., « and which are due to impurities on the @u
sites.

rod

scan direction”
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2
APPENDIX My;—Mg— k
Moo+ m
On a triple-axis spectrometer it is often convenient to per- (A2)
form elastic scans which are linear in reciprocal space. Lor-
entz factors for linear scans through Bragg peaks with no M ,m
intrinsic structure have been calculated by Lebech and Mio— Mot m’
Nielsert® and by Cowley and Bate. =
We henceforth adopt the notation of Cooper and
Nathans® who derived the resolution function for a triple- Moam
axis spectrometer, and of Cowley and Batek Ref. 34 the My — o
result for the Lorentz factor of a sharp Bragg reflection, i.e., Mopt+m

S(K —7)= 8K —7), where the functior8(K — 7) describes the
intrinsic form of the scattering normalized to unit volume, in

. e wherem=1/(57>.
a crystal without mosaicity, is (77)

The Lorentz factor for the perfect Bragg peak, E4l),
and the following Lorentz factors, Eq6A3) and (A4), can
now include the effects of mosaicity by means of the trans-

C
-1__ - H H 1/2
L 1= (M1,c08a+2M,co5x Sina+ M psirfa)’?, formations, Eq(A2).

NvBo
(A1)

. . . 2. Two-dimensional structures
where« is the angle betweem and the scan direction. The

normalization of the Lorentz factor is different from that in A two-dimensional structure comprising of ordered layers
Ref. 34 and has been chosen such that in the case of an opggparated by a distancegives rise to a rod of scattering in
detector Eq(A1) reduces td. ~!=|sin(a+ 6)|, which is the reciprocal space. Suppose that the Bragg rod lies in the scat-
factor that is obtained by considering just geometrical eftering plane of the spectrometer. The in-plane scattering in-
fects. TheM;; andN parametergwhich define the shape of tensity can be represented K —7)=4§K, — 7, )c/2m,

the resolution ellipsoid and its normalization, respectively wherer, is the perpendicular distance from the origin to the
are functions ofg, where @ is the scattering angle at the rod in reciprocal space arld, is the component oK per-

sample, buiC and B, depend only on fixed instrument pa- pendicular to the rod in the scattering plane.
rameters. Consider a linear scan in reciprocal space such that the
scan direction makes an angde- « with the rod(see Fig. 16
. . The Lorentz factor for this measurement can be shown to be
1. Inclusion of mosaicity

If the sample mosaic spreag (standard deviationis c

small (<1 rad, then the effect of sample mosaicity is to L i1=— 2m Sin(B— a)| VM 1Moo~ M2, (A3)
produce a Gaussian broadening of the peaks in the direction Nc Bo
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3. Peaks with Lorentzian broadening where
Suppose that we have a structure with short-range order
along thec direction. If the coherence decays exponentially, 1 to T/
then the intrinsic shape of the peak will be a Lorentzian =—
p p F(a,B) Jata) f_m K25 T2
represented by c
T/ Xexp{_(M11M22_M%2)5in2(,3_a) 2| 4k
= _ 2a(a € ¢
S(K—7)=6(K, Tl)m, (@)
(AS)

whereK, andK, are the components &f perpendicular and
parallel to thec direction, respectively, and similarly far
and 7. This form is valid when neighboring Lorentzians do
not overlap.

The Lorentz factor for this shape is found to be

L, C 1

“NVB, F(a.f)’ (A4)

and

a(a)=M,cofa+2M,c05x sina+ M ysirfa. (AB6)

The cases for a perfect Bragg peak, E41), and a Bragg
rod, Eq.(A3), are the limiting forms of Eq(A4) whenI'—0
andI'=2/c> resolution width, respectively.
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