PHYSICAL REVIEW B VOLUME 56, NUMBER 2 1 JULY 1997-II

Neutron diffraction and NQR study of the intermediate turn angle phase
formed during AFI to AFII reordering in YBa ,Cu;_,Al,Og, 5

E. Brecht* W. W. Schmahf, and H. Fuess
Fachbereich Materialwissenschaft, Fachgebiet Strukturforschung, Technische Hochschule Darmstadt, Petersenstrasse 23,
D-64287 Darmstadt, Germany

S. Schmenn and H. ltgemeief
Forschungsanlage Jigh, Institut fir Festkaperforschung 4, P.O. Box 1913, D-52425lidh, Germany

N. H. Andersen and B. Lebech
RisbNational Laboratory, Department of Solid State Physics, P.O. Box 49, DK-4000 Roskilde, Denmark

Th. Wolf
Forschungszentrum Karlsruhe, Institttr fliechnische Physik, P.O. Box 3640, D-76021 Karlsruhe, Germany
(Received 16 December 1996; revised manuscript received 5 March 1997

The reordering mechanism from the antiferromagnetic phase AFI to the antiferromagnetic phase AFIl in an
oxygen-deficient YBaCu, g.Al ¢ 006+ s Single crystal with an oxygen contefit=0.18 in the C(l) layer has
been studied by neutron diffraction and nuclear quadrupole resofid@i®). The crystal orders magnetically
from the paramagnetic state to the antiferromagnetic AFI state at tektdlmperaturel =403 K with an
empirical critical exponent oB=0.26. Reordering to the antiferromagnetic AFIl state sets ifbat12 K. In
both the AFI and AFIl phases the ordered magnetic moments on tt®) @ttice sites are identical and take
a value of(S)c,2~0.56ug ; no ordered moment is found on the @ulattice sites. From the temperature
dependence of the €l) NQR spectrum, the magnetic hyperfine field af Qsites is found to vary continu-
ously as a function of temperature. This result indicates unequivocally that the AFIl reordering takes
place via a noncollinear intermediate turn angle phasetAFI[S0163-18207)00826-¢

[. INTRODUCTION peratureT, of about 40 K and 15 K for apparently undoped
YBa,Cu;0g, 5 single crystals, respectively. This antiferro-
It is well established that YB#Cus;Og, s exhibits a tran- magnetic low-temperature phase has a similar antiferromag-
sition from the metallic and superconducting phase to ametic arrangement of the spins within the(@ulayer as the
insulating and antiferromagnetically ordered phase, when thaFI phase, but a different stacking of the spins alongdhe
oxygen contens within the Cu1) layer is kept below 0.4~ axis, which results in a doubling of the magnetic unit cell
The antiferromagnetic structure AFI was solved by Tran-alongc.!! The moments on Q@) sites in the AFIl phase can
quadaet all in polycrystalline samples using magnetic neu-also be described by antiferromagnetic bilayers that experi-
tron diffraction. In this phase the spins on the(RBusites ence a coupling along the axis which is ferromagnetic in
alternate antiferromagnetically within the Cy@®lanes and nature.
along the tetragonal axis. The average ordered moment on It is well known that the physical as well as the structural
the Cuy2) lattice site was found to be about 052 with the  properties are strongly affected in YBau;_,M,O¢. s
spins oriented perpendicular to teeaxis>® In contrast no  doped with trivalent ions M*=Al3", Co®*", Fe** on the
orderedmagnetic moment was found on the (@usites in  Cu(1) sites’?~2* Magnetic neutron-scattering investigations
the oxygen-deficient layer. Taking into account the couplingon Co-dopetP~2” and Fe-doped—3? ceramic samples and
parameters) determined by inelastic neutron scattering our own recent studies on Al-doped single crystatéshow
technique$ 8 the AFI phase can be characterized by antifer-that the AFIl phase can be stabilized by the doping of triva-
romagnetic bilayers formed by the moments on nearestient defect ions. At low doping levels the €b, Fe®*, and
neighboring C(R) layers, which are weakly antiferromagnet- Al 3* defects show a similar influence on the magnetic prop-
cally coupled along the tetragonalaxis. erties and force the reordering from the AFI to the AFII
Magnetic neutron-diffraction studies were reported for re-phase at low temperatures. However, for high substitution
duced polycrystalline material as well as for undopedlevels the Co- and Fe-doped systems differ from the Al-
YBa,Cu;04, 5 single crystals, which all show the AFI phase doped system, which may result from the magnetic character
with approximately the same values fog and for the aver- of the dopants. In the Al-doped system witk:0.2 the reor-
age ordered magnetic moment for a given oxygendering temperature to the AFIl phasg,;, was always ob-
conten?~>°% However, Kadowakiet al'* and later Sha- served to be lower than 20 ¥.In contrast, the AFIl phase is
moto et al® reported a reordering to a second antiferromag-stabilized in the Co- and Fe-doped systems for high substi-
netic phase AFII at low temperature with a transition tem-tution levels over the whole antiferromagnetic regime.
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TABLE I. Results of the structural refinement of the neutron Bragg dataTse208 K). The Debye-
Waller factor has the form exp2m{a*?(h?U;;+k2U,y) +12¢*2U55], where theU;; are the mean-square
displacements.

Atom  Position x/a y/b zlc K Uy Uy, Uss

Y 1d 05 05 0.5 1 0.0043) =U,,  0.007911)
Ba 2 0.5 05 0.195280) 2 0.00848) =Uqq 0.005312)
Cud) la 0 0 0 0.943) 0.016211) =Uqq 0.008414)
Al la 0 0 0 0.063) 0.016211) =Uqq 0.008414)
Cu2 29 0 0 0.3605614) 2.012) 0.00375) =Uqq 0.00968)
o(1) 29 0 0 015273 1.944) 0.0184100 =U,, 0.013214)
0(2) 4 0.5 0 0.3785615) 4.086) 0.00517) 0.00787) 0.01218)
0(4) 2f 0 0.5 0 0.183) 0.11551) 0.02622) 0.02322
Lattice parameter6293 K) a=3.863(3) A ¢c=11.779(9) A

Residuals R=0.032 R,=0.027

The antiferromagnetic ordering has been intensively studresolution x-ray diffractometry with CK «; radiation was
ied also by Cu nuclar quadrupole resonan@dQR) ~0.03° and purely resolution limited, indicating a small mo-
experiments®>*° It was verified by NQR that only the mo- saic spread.
ments on the O@) sites exhibit the antiferromagnetic order-  Nonpolarized magnetic neutron-diffraction experiments
ing and that the G2) moments are oriented perpendicular to were performed with the instrumentation described in Ref.
the c axis2®*8 The presence of the AFII phase in Fe-doped34 (TASL triple-axis spectrometer at the DR3 reactor at' Riso
materials was reported by tgemeier®® The reordering tem-  National Laboratory, graphite monochromator, incident neu-
peratureT, from the AFI phase to the AFIl phase dependstrons of energy 13.7 meVThe crystal was oriented with the
strongly on the Fe contemtof the sample®*'as well as on  [110] axis vertical, and thus all the scans were performed in
the oxygen contend within the Cu1) layer®? In particular  the (hhl) scattering plane. The single crystal had a platelike
increasing the oxygen conteatleads to a depression of the shape with a size of about®4x0.5 mnt.
AFIl phase?? Therefore it has been suggested that the reor- In order to characterize the single crystal structurally and
dering from the AFI phase to the AFIl phase cannot be trigto determine the Al and O contents, a complete nuclear
gered by threefold-coordinated €u ions within the Cl) Bragg scattering set was collected as described in Ref. 34
layer?**3 which was postulated by Kadowaki and [TAS2 four-circle diffractometer at DR3, incident neutrons
co-workerst! The nature of the ARLAFII reordering has \=1.047 A, 6-26 data collection, 1052 nuclear Bragg re-
been attributed to the magnetic moment of theé Felefect  flections in half-sphere collected up to 8n=0.67 A%,
ions within the C(l) layer***which leads to a frustration 192 independent observations, structure analysis with
with respect to the moments on neighboring(Busites. SsHELX76 (Ref. 48]. The structural parameters determined
However, this explanation is only part of the truth, since itfrom the four-circle data were used in the subsequent analy-
has been found that Af and G&™", which are definitely sis of the magnetic data.
nonmagnetic, also lead to a Zeeman splitting of thé1Cu The NQR spectra were recorded by a frequency sweep
NQR line at low temperatur&:4® using a standard spin-echo technique with quadrature detec-

In order to improve our understanding of the mechanismgion. For measurements between 4.2 K and 17 K the sample
leading to the transition from the AFI to the AFIl phase it is was mounted in an Oxford Instruments CF12ti8e cry-
essential to establish whether it takes place via a first-ordevstat.
transition with defect-induced phase coexistence or continu-
ously via two possibly second-order transitions with
an intermediate spin-canting phase. Since we concluded . RESULTS
in our previous studif that this problem could not be solved
by neutron diffraction alone, we have investigated an

YBa,Cuy, oAl 0,060 15 Single crystal by neutron diffraction as The resu.lts of the refinemer]t are shown in Table | an_d can
well as by NQR. be summarized as follows: Al is found to occupy exclusively

the Cu1) lattice site. The population factor of Al on Cb)
was refined to 0.06. Within the experimental error no Al
enters C(R) lattice siteqthe refinement of Al on C2) sites
Al-doped single crystals were grown in air from a BaO/ gave a negative population factor for Al on this $it€he
CuO flux in an ALO; crucible by the slow-cooling methdd  apical oxygen is not fully occupied but shows a small defi-
at a cooling rate of 0.5 K/A* The crystal was deoxygenated ciency of about 3%. For this Al-doped single crystal with an
at 923 K under the same conditions as in Ref. 5 using a gasl content of x=0.06(2) an oxygen conter#=0.18(3) is
volumetric techniqué’ Under these conditions Casalta obtained on the @) sites in the basal plane. Since this
et al® attained an oxygen content 6 0.1 for an apparently single crystal was reduced under the same conditions as the
undoped crystal. The full width at half maximu@WHM) undoped crystal in Ref. 5, the oxygen content found in the
of the rocking curve of th€005) reflection analyzed by high- basal plane can be directly compared to the undoped system,

A. Nuclear structure

Il. EXPERIMENT
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FIG. 1. Integrated intensity vs temperature for tHg2) (C) fully ordered
113 : . AFII phase +
and (535) (@) magnetic reflections. The order parametér: /1 = '7,9
shows a power law behavidd | T— Ty|# with a critical exponent 5 %
B=0.26(1) fitted between 300 K and the @&letemperature > fally ordered
Tn=403 K. At low temperatures AFIl is the stable phase; between paramagnetic | AF1 phase
6 K and 12 K ordering components of both phases coexist. Phase\ AFL
L . 0@ > ®
which gives an oxygen contedt=0.10. The higher oxygen 0 - QAFD—p 1

content in the Al-doped crystal is due to the aluminum ions
in the Cu1) layer, which pin a significant amount of residual  FIG. 2. Top: stacking of the spins along theaxis in the(a)
oxygen. AFI, (b) the AFIl, and(c) the intermediate-turn-angle phase AFI
@®Il. The moments in the collinear AFI are assumed to be perpen-
dicular to the moments in the collinear AFIl phase. Note that a
defect-induced magnetic moment on the(Qusites will be frus-
Figure 1 shows the integrated intensity of tH82) and  trated in AFI but not in AFIl. The resultant spin structure of the
(333) magnetic Bragg peaks versus temperature, which arisgoncollinear intermediate phase ARl results from a vector sum-
due to the antiferromagnetic ordering components AFI andnation of the two collinear structures leading to the canting angle
AFIl, respectively. The transition from the paramagneticg. Bottom: phase-space diagram indicating the evolution of the
phase to the AFI phase was found B{=403(1) K. The amplitudesQ (order parametejf the AFI and the AFII ordering
magnetic intensity of the AFI phase can be well described bychemes with decreasing temperature. The turn angle rotates con-
a power law |oc|O(TN_T)2/3 with a critical exponent tinuously as the amplitude (@FI) is replaced by QAFIIl). Note
B=0.26 (fitted between 300 K and). Reordering to the thatthe hyperfine fielq at 'Fhe Q) site is zero f(?r the AFI ordering
AFIl phase sets in at 12 K. In the limited temperature inter-Scheme as the contributions from neighboring spins cancel. For
val betwee 6 K and 12 K both the AFI and AFII ordering AFIl, however, the contributions add to a strong nonzero field. In
components coexist. Balos K the AFI ordering component the turn angle phase, the 'hyperfine ﬂeld takes intermediate _va!ues.
vanishes completely. The AFIl order parameter exhibits gurther note that the Spins rotate In the same sense within a
maximum at about 5 K, and it shows a tendency to decreas u2)0, doub_lz_e layer, while the sense of rotation alternates across
with decreasing temperature. Such a reentrant behavior |tse Cul) position from double layer to double layer.
well known from the undoped systé#? and is explained by . .
the building up of static disorder between the antiferromag—”se to magnetic peaks that can be indexed as

Ty — 1 1 H
netic bilayers at low temperatures, which results from asmafn 'Kl )_(.h+ 2,k+2,l),.for h, k| Integer. The moments
amount of localized oxygen 2 holes transferred to the on Cu?2) sites form antiferromagnetically ordered bilayers.
CuO, planes The bilayers are weakly antiferromagnetically coupled along

The sharpness of the magnetic Bragg peaks indicatin%e tetragonat axis across the Gl layer (Fig. 1 in Ref.

B. Neutron diffraction studies of the AFI«— AFIl reordering

three-dimensional long-range order was similar to those of - A Sin;p"ﬁﬁd XE;’V ﬁf the stzaglﬂng alobng_is Shown in
the crystals described in our previous paffeFhe magnetic ig. 2(a). For the ¢ E aS%fH. we obtaine an average
moments in the two antiferromagnetic phases were detef2rdered moment of t e Ca” ions on the C() sites of
mined from the intensity of 9-11 magnetic peaks at 20 K and-242)us (R value 3.3%, 11 magnetic reflectionshe or-

4.2 K. A table of the observed and calculated magnetic strucdéred moment on Q) sites is zero for symmetry reasons.
ture factors can be obtained from the authors. The periodicity of the AFIl long-range order is character-
The periodicity of long-range order in the AFI pha§ég.  ized by the wave vectogam = (333) leading to magnetic

1 in Ref. 34 is expressed by the wave vect=(320) in  peaks which can be indexed ab’k'l’)=(h+3k+3,l
reduced reciprocal lattice units. Hence the AFI phase gives-3), for h, k, | integer. Similar to the AFI phase the mo-
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ments on C(P) sites form antiferromagnetically ordered bi- are antiferromagnetically coupled along tbeaxis. In con-
layers with an ordered moment of O(@%ug on CU?2) sites  trast, however, the GB)- - - Cu(2) coupling along thes axis

at 4.2 K (R value 3.0%, 9 magnetic reflectionas schemati- in the AFII structure is ferromagneti€ig. 2), and the mag-
cally shown in Fig. Zc). Theorderedmoment on C(l) sites  netic Cu2) ions induce a dipolar and magnetic hyperfine
was refined to—0.001(5)z. This means that there is no field at the Cql) site, which leads to a splitting of the Ci)
ordered magnetic moment on the Cb) chain sites in the NQR line. This has been shown by tgemeier and Rupip*°

AFIl phase, in agreement with NQR measurements that alsim the Fe-doped system at low temperature, who observed a
exclude any ordered magnetic moment at th¢lCsite with ~ well-resolved splitting of the NQR lines by a magnetic field
the upper limit of 0.035.%3 of about 170 mT.

The value of theordered moment(S)c, in the AFII The NQR spectra of our YB&U, gAl g 0O 15 Single
phase is in good agreement with recent stulfiemn a crystal are shown in Fig. 3. By careful analysis and line
YBa,Cu;_,Al,Og, s single crystal with x=0.19 and profile fitting we were able to resolve the spectra in Fig. 3.
6=0.28, where(S)cy ) was found to be 0.89)ug. This Zeeman splitting sets in below 11 K and reaches its full
implies that the value of the magnetic moment in the AFllvalue of 198 mT at 5 K. The spectra rule out a simple coex-
phase does not seem to be related to the Al conteittis  istence of pure AFI and AFIl states of varying population
noteworthy that the comparison of the magnetic properties ofvith temperature. It is evident from Fig. 3 that continuous
these two single crystals is absolutely justified, although theispectral changes of the Zeeman splitting occur through inter-
oxygen content is different. Since the &léemperaturd  of mediate values of the hyperfine field. If there are any discon-
407 K in YBa,Cus g:Al 1406 251S almost equal to th&y of  tinuities, they occur between AFI and the intermediated
403 K observed here, the higher amount of oxygein  states, rather than between AFI and AFII. Unfortunately the
YBa,Cu, 5,Al 5 1406 25 arises purely from the higher Al con- spread of values of local hyperfine fields indicates that the
tent of this sample due to the tetrahedral coordination ofrystal is inhomogeneous with respect to its magnetic prop-
AlI?* and these excess oxygen ions do not contribute to therties.
transfer of charge to the C2) layer. It is important to note that in the case of Fe doping, a

similar linear increase with decreasing temperature has been
_ ) found*® However, at a comparable doping level
C. NQR studies of the AFk-~AFIl reordering (xge=0.048,x,=0.06 for the crystal investigated heréhe

NQR spectroscopy is an excellent tool to probe the magtransition starts at a much higher temperatligeof 140 K.
netic configuration on a local scale. Thus this techniqueBy careful analysis and line profile fitting we were able to
gives important complementary information to neutronresolve the spectra in Fig. 3 into two to three components
Bragg diffraction that exclusively reflects the long-range cor-with different values of the local field and relative intensity
related average spin structure. [Figs. 48 and 4b)]. For example at 8 K, only 25% of the

Natural copper consists of the two isotop&u and Cu(l) sites experience the full local field98 mT) of the
5Cu with the natural abundance of 69% and 31%, respecAFIl configuration and 19% of the sites experience no field
tively. Both isotopes show a nuclear spirof . The quad- at all; the remaining 56% of the sites experience a reduced
rupole moment couples to the electric field gradiéBEG) field of the order of 122 mT. It should be noted, however,
resulting from the charge distribution around the atomic sitethat the two to three components may be a crude representa-
The EFEG is a traceless second-rank tensor and can be efion of a more continuous distribution of hyperfine fields. To
pressed by the largest eigenvaMg, and by the asymmetry distinguish between a continuous second-order transition
parametery. In the case of an EFG without external mag- mechanism or a first-order transition with defect-induced

netic field, the degeneracy of them levels is retained and Phase coexistence it is important to address the question of
for Cu with 1=2 only one NQR line at the frequency hysteresis. Neither the neutron-diffraction studies of Kad-
VNQR= Vg 1—77/3 with the quadrupole frequency owaki et ql.“ on an appa}rently undoped cry;tal nor our own
vq=eQV,/2h can be observed. In the case of an existingneutron-dlffra_ctlo_n studies on AI-_doped single crys°t‘é1ls_
external or internal magnetic field, the degeneracy of th&Jave any indication for a hysteresis at the AFI-AFII transi-
+m levels is broken and a Zeeman splitting of the NQR linelion- Probing the local magnetic configurations by NQR,
OCCUrs. which is more appropriate to analyze defect-related effects,
In the following, all frequencies are related to the isotopeWe did not find any hysteresis either. Figurés)sand §b)
63Cu and the corresponding frequencies of the isotSiB sh_ovx_/ the coollng-down and heating-up NQR spectra at 7 K.
are roughly 10% smaller. In antiferromagnetic ¥Ba0 Within the experimental error the spectra are identical with a
(AF1) the NOR line of the C(L) site can be observed at the £€eman splitting of about 158 mT.
NQR frequency of 30.1 MHZ° The spectrum for this 30.1

MHz Ime of the Cuyl) site in th(_a _pureggsystem reveal_s single IV. DISCUSSION
lines without any magnetic splittint:>° From the antiferro-
magnetic NMR spectrum of YB#&u;0¢ a hyperfine field of Our neutron-diffraction studies as well as the

7.965 T at the C(2) site can be deducei.The fact that no temperature-dependent NQR studies on an
Zeeman splitting of the Q) NQR line can be observed in  YBa,Cu, gAl 006.15 Crystal show that the ARk AFII reor-

the AFI structure implies that the dipolar and magnetic hy-dering takes place within a limited temperature interval.
perfine fields from the moments on the (@usites cancel While above about 12 K the pure AFI phase exists, below
exactly at the C(L) sites. This situation is shown in Fig. 2, abou 5 K the pure AFII phase is present. A possible origin

where the next-nearest-neighboring moments of2Csites  of the AFk-AFII transition was suggested in our previous



944

FIG. 3. CY1) NQR line as a function of temperature. At 4.2 K
the NQR line shows a Zeeman splitting; the hyperfine field takes a
value of 198 mT, indicating the presence of the AFII phase. In-
creasing the temperature results in a decrease of the Zeeman split-

ting.

pape?r* on the magnetic structure of Al-doped single crys-
tals. From structural-chemical principles we concluded that
the Al-doping and Al*-defect distributions may have sig-
nificant influence on the Akb AFIl reordering. In particular,

a random Al distribution will give rise to A"-0?-Cu?*
fragments with free C&i* spins within the C() layer. If
these moments on the () sites couple magnetically to the
Cu(2)0, layer, there will be frustration of the antiferromag-
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FIG. 4. Relative intensitya) and hyperfine fieldb) at different
temperatures, determined by fitting the NQR spectra in Fig. 3 with
up to three contributing components.

indeed the case has recently been established by Andersen
and Uimirr® who show that polarization of free spins in the
Cu(1) layer mediates an effective ferromagnetic coupling be-
tween adjacent GR)O,, bilayers at low temperatures.

a) cooling-down spectrum
T I T T

| Bygp=0.160 T i

echo intensity

24 26 28 30 32 34
NQR frequency [MHz]

b) heating-up spectrum
T T

echo intensity

24 26 28 30 32 34
NQR frequency [MHz]

FIG. 5. Warming-ufda) and cooling-dowr{b) Cu(1) NQR spec-

netic arrangement of the moments on the neighborin@)Cu tra at 7 K. Within the experimental error the hyperfine field atiGu
sites which may be resolved in the AFIl phase. That this igakes the same value of 0.155 T.
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For the characterization of the nature of the transition|FAF|@||(;)|
from the AFI phase to the AFII phase two different possi-' 9°
bilities must be taken into account: The reordering between 2(S)cuzcoBsin(27l{z) for || =integer,
the AFI phase and the AFIl phase can take place either via a
direct, strictly first-order transition with phase coexistence or ) , , )
in a more or less continuous way by two possibly second- 2(S)cuzsinBeog 27l z) for | =half-integer,
order transitions via an intermediate phase @Rl The (4.2
symmetry of the intermediate phase is the common subgroup
of AFIl and AFII, and the structure may be envisaged as a R
vectorial superposition of AFI and AFIl components. This Where is the scattering vectofS)cy) is the thermal av-
superposition leads to a canted spin structure, where the cartage of the ordered moment on (@usites, andz the dis-
ing angle is able to rotate continuously between the AFI andance between the Cl) and Cu2) layers as a fraction of the
the AFII configurationcf. Fig. 2b)]. unit cell lengthc. B describes the canting angle as defined in

Kadowaki et al** developed a simple model calculation Fig- 2b). The ratio of the square of the magnetic structure
for the energy of the spin system within the molecular-fieldfactors with integer; and half-integer;,, which we will
approximation. A very similar but more extensive calcula-name for simplicity|F ar(T)|? and |F sz (T)|2 at a certain
tion has recently been published by Mirebeau andemperaturél can be written as
co-workers®® However, both these models rely on the pres-

ence of anordered magnetic moment in the Qi) layer,

which is not observed experimentally, and they cannot ac- “5 (T2 cog 27! 2)\ 2
count for the temperature dependence of the transition from L:tanzﬂ(-r)(_—”)
the AFII to the AFI phases. A more comprehensive account |Far(T)|? sin(2ml|z)

is given by Andersen and Uimit!. These authors show that

the effective ferromagnetic coupling between the(Z0, £2(xM\ 21— (k" §)2)
bilayers, which is mediated by polarization of free spins in X £2(x") <1_(,}|.é)2>

the Cul) layers, stabilizes the AFIl phase at low tempera-
tures, and in agreement with the present experimental results, ctar? B(T) 4.3
their model predicts that the AFIAFII reordering takes ' '
place via a distinct intermediate turn angle phasedAlF|

As previously mentioned neutron diffraction is not able f(;) is the magnetic form factor for Gi, for which we
to discriminate between either a AFI-AFIl phase coexistenceised an aspherical expression calculated fodga 3,2 elec-
in different parts of an inhomogeneous crystal on the oneron distribution® Equations(4.1) and(4.3) demonstrate that
hand or the turn angle phase on the other hand. This problege ratio of|F a(T)|2 and|F agy(T)|? of any pair of mag-

will be briefly discussed in the following. In the case of a petjc peaks with integer and half-integércan be expressed
direct first-order transition from the AFI phabef. Fig. 28)]  gijther by a ratio of the volumina of the AFI and AFII phases,
and the AFIl phasgcf. Fig. Ab)] the coexistence of mag- \yhich may vary continuously as a function of temperature,
netic Bragg peaks of the AFI and AFIl phase must be attrib, by a function of a canting angjé, which also varies with
uted to inhomogeneities in the sample. Therefore the rati§ Therefore, from the magnetic structure factors, no infor-
between the intensitidsr (T) andlap (T) at a certain tem-  mation can be extracted about the question, if the tempera-
peratureT is directly proportional to the ratio of the volu- tyre interval, in which the reordering takes place, corre-
minaVag(T) andV g (T) and can be simply expressed by sponds to a mixed phase region or arises from a noncollinear
structure. It should be noted that the ratio of the magnetic
= 2 structure factors for both types of magnetic behavior is al-
Laen (D) _ Vaen(T) |'iAF"| ocVAF”(T), (4.1 Wways constant; i.e., the ratio between the structure factors
Lari(T)  Varl(T) [Fppl? Var(T) remains unaffected in the transition region.
. Our NQR investigations, however, demonstrate that the
The constantF |2 corresponds to the square of the hyperfine field at the Q) site changes with temperature.
structure factor of a magnetic AFI peak at a temperatureThis hyperfine fieldB, at the Ci1) site which results from
where the peaks of the AFIl phase completely vanesly., the moments within the @A) layer is indicated in Figs.
20 K in Fig. 1), and accordinglyF x| to the square of the 2(@—2(c). In the case of the AFI phag€ig. 2(a)], the anti-
structure factor of a magnetic AFIl peak at a temperatureferromagnetic arrangement of the moments on neighboring
where the peaks of the AFI phase completely variesh., 5 Cu(2) sites cancels at the CD site, so that no resulting
Kin Fig. 1). hyperfine field exists there. In the case of the AFIl phase
In the case of an intermediate turn-angle phase, the stru¢Fig. 2(c)] the moments on neighboring @) sites are anti-
ture factor of the noncollinear intermediate phase can be inferromagnetically arranged, leading to a hyperfine field of
terpreted as the vectorial superposition of the structure facabout 198 mT at the Q) sites*° For the noncollinear struc-
tors of the AFI and AFIl phases. Therefore this noncollinearture shown in Fig. &) the canted moments on Q) sites
structure results in magnetic peaks with integer as well asesult in atemperature-dependertyperfine field Bye(T)
with half-integer!’. The geometrical part of the structure which is smaller than in the case of the collinear AFIl struc-
factor of the intermediate phase shown in Fih)2akes the ture. Therefore the canting anghecan be directly related to
form the hyperfine fieldBr at the C(l) site and takes the form




946 E. BRECHTet al. 56

100 . T . creasing temperature shows a different slope in the regions
© coorTmsD O neutrons betwea 6 K and 10.5 K and between 10.5 and 12 K which

@ 8r o * NQR 1 may be related to inhomogeneities. The superimposed spec-

R o J tra of more than one Q) NQR line with different Zeeman

EA) - splitting have to be interpreted as due to regions with differ-

g 40 F o - ent transition temperaturék, and possibly different transi-

o o tion widths. Therefore, apart from the intermediate turn
20 o ’ angle phase, the crystal shows regions with AFl and AFII
ol Dibq]-:m: o - phasedFig. 4a]. These inhomogeneities may arise from a

' . L locally different O content within the G) layer, or more
0 > 10 15 20 likely from a slightly inhomogeneous distribution of the
Temperature [K]

Al defect ions. The latter possibility can be directly related

FIG. 6. Comparison between the canting angle deduced fron® the occurrence of Al clusters during reduction at high

4 . . . . .
neutron-diffraction studies and the averaged canting angle from thEempe_rature%' In SF‘m”"!afY’ within Certa_m limits the_NQR
NOR studies. experiment allows in principle a separation of these inhomo-

geneous regions, while the neutron-diffraction experiment
Be(T) averages over the inhomogeneous regic_Jns. Therefore the
B=arcsi LA (4.4) canting angles deduced from the magnetic structure factors
EHF(O) are less well suited to describe the variation of the canting
angle B(T) as a function of temperature. In contrast, the
Bnrr(0) expresses the hyperfine field at the(Dusites in the  canting angleg(T) deduced from the NQR experiment are
pure AFIl phase. The canting anglé takes the value related to thdocal magnetic hyperfine field at a certain re-
B=90° (AFIl phasg for By(T) =By(0), and isequal to 0  gjon of the crystal. Consequently, the variation of the hyper-
for Bye(T) =0 (AFI phase. Thus, by the temperature depen- fine field directly reflects the variation of the canting angle of
dence of the hyperfine field at the @ site the NQR ex- this particular region.
periment is able to demonstrate experimentally the existence
of an_intermediate phase and therefor_e_ directly clarifies_the V. CONCLUDING SUMMARY
guestion about the nature of the transition. For a pure first-
order phase coexistence the observations would be com- We studied the reordering from the high-temperature
pletely different: The intensity ratio between the AFlI and AFl phase to the low-temperature AFIl phase of a
AFIl NQR signals would vary while the hyperfine fields of 0 YBa,Cu, 9/Al 5.0e06 15 Single crystal by neutron-diffraction as
mT for the AFI signal and 198 mT for the AFII signal would well as by the NQR experiments. The reordering takes place
remain constant. via an intermediate turn angle phase. From the neutron-
Figure Zd) indicates our interpretation of the transition diffraction experiments the structures of the three phases
mechanism in order parameter vector space. Ordering witlvere characterized. It has been found that the averaged mag-
AFI periodicity[aAFlz %%0)] hasahigheﬂ'n than potentia' netic moment on the qg) sites is about 0553 in all
111 phases, and norderedmagnetic moment is present on the

ordering with AFII periodicity[ﬁAF,,=(§§§)] and sets in first X A : e
with decreasing temperature. However, AFIl ordering gainscu(l) sites. The spin direction is oriented within t@01)

more internal energy and it is thus the stable phase at Ioﬁ'at_r]le' From thi.pﬂgr‘?g?et'c S_titoe;?(e _Is_?/]stem_ordd_e_rts mfto the
temperature. In the intermediate regime a crossover takgéd " c/rfomagnetic state di= - 'Ne perodicity o

place: The increasing AFIl component depresses the AR e collinear antiferromagnetic Igng-range order AFI phase is
component continuously across the stability range of an incharacterized by the wave vectg = (330). The periodic-
termediate turn angle phase AFll, where both order pa- ity of the collinear magnetic ordering scheme in the ground
rameters are nonzero and superimposed. The vectorial supestate, AFIl, is characterized ly,r, = (333). The reordering
position of the two orthogonal order parameters leads to spibetween AFI and AFII takes place in a limited temperature
canting and a continuous rotation of the spin direction. Suchiange between 12 K and about 6 K. Within this temperature
a mechanism has been formulated in terms of Landau theomange long-range order with both periodicities can be ob-
of order-parameter coupling at a structural phase transitiorgerved by the simultaneous presence of both sets of corre-
e.g., by Schmaht sponding magnetic superlattice peaks. The NQR experiment
Figure 6 shows the canting angle deduced from magnetianequivocally demonstrates that this intermediate state is an
structure factors according to EG.3) and from the mag- independent phase with a noncollinear spin strucfrather
netic hyperfine field according to E@4.4). Although the than AFI/AFII phase coexistenteThe observed continuous
same crystal has been used for both experiments, the cantisgifts of the hyperfine field at the C) site with temperature
angles determined from the NQR experiment seem to bean be directly related to a continuous change of the spin
shifted systematically to lower temperatures compared to theanting angle in this intermediate phase. Further, the inten-
diffraction result. Besides a possible systematic error in temsity variation of the magnetic neutron Bragg scattering with
perature calibration it is clear that both methods will givetemperature in the intermediate phase is well described by a
different values for the canting angle, if the crystal is inho-spin canting model, if an appropriate vectorial superposition
mogeneous with respect to the magnetic properties. Thef the competing AFI and AFII spin structures is assumed.
NQR data indicate such an inhomogendfyg. 3). Further, The rotation of spin canting is due to a suppression of the
the decay of the 33) magnetic diffraction peak with in- AFI ordering amplitude by the growing amplitude of AFII
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ordering or vice versa. The large volume fraction of the non- ACKNOWLEDGMENTS
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