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materials: A single-crystal neutron-difFraction study
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Aluminum-doped, oxygen-deficient YBa2Cu3 Al 06+& single crystals with different Al contents
x (0 & x & 0.19) and 0 contents (0.18 & 8 & 0.36) were studied by magnetic neutron difFraction. All
of the Al-doped single crystals show two magnetic transitions, the first between the paramagnetic
state and the AFI phase, and a second transition at low temperatures between the AFI and the
AFII phase. The Neel temperature T~ of the antiferromagnetic AFI phase is found to be insensitive
to the Al content x as well as the 0 content 6+8 in the x-b region investigated so far. In a
limited temperature interval the order parameter shows the components of both the AFI and AFII
phases indicating competing interactions. For some crystals a complete reordering to the AFII
phase at 4.2 K can be observed. Although the antiferromagnetic ordering pattern is difFerent for
the AFI and AFII phase, the ordered moments on the Cu sites are within the experimental error
((S)o„lz& —0.56ps, (S)o„&i& Ops) identical in the two phases. Comparison of Al-doped crystals
with pure crystals of the same oxygen content shows that the presence of excess oxygen only (b)0)
is not sufBcient to obtain the AFII ordering at low temperatures. Instead, the AFII ordering is
triggered by the creation of the local magnetic moments in Cu—0—Al chain fragments.

I. INTRODUCTION

The study of antiferromagnetic order of pure and
cation-doped YBa2Cu306+g and related compounds is a
Beld of considerable interest, since the underlying mech-
anism of the electronic and magnetic properties even
of the nonsuperconducting state is still not fully under-
stood. Indication of antiferromagnetic long-range order
was fIrst observed by Nishida et al. using muon spin
relaxation. The antiferromagnetic structure AFI was de-
termined by Tranquada et al.2 by magnetic neutron scat-
tering on polycrystalline samples. In this phase the spins
on the Cu(2) sites alternate antiferromagnetically within
the Cu02 planes and along the tetragonal c axis [see
Fig. 1(a)]. The average ordered moment on the Cu(2)
lattice site was found to be about 0.52 p~ with the spins
oriented perpendicular to the c axis. No ordered mag-
netic moment was found on the Cu(l) sites in the oxygen-
defIcient layer. The ordered magnetic moment as well as
the Neel temperature T~ of this phase were reported to
depend on the oxygen content. For 0 & b ( 0.2 the
Neel temperature is above 400 K and almost independent
of b, while T~ decreases rapidly with increasing oxygen
content for b ) 0.3. Magnetic neutron scattering studies
were reported for reduced polycrystalline material ' as
well as for undoped YBaCuO single crystals, which all
show the AFI phase with approximately the same values

for T~ and for the average magnetic moment for a given
0 content. Kadowaki et al. were the fIrst to report an
antiferromagnetic reordering to a second magnetic phase
(AFII) at low temperature with a transition tempera-
ture T2 of about 40 K in an YBa2Cu306 35 single crystal.
This antiferromagnetic low-temperature phase is associ-
ated with the presence of Cu + moments in the oxygen-
deficient Cu(1) chain layer which leads to a doubling of
the magnetic unit cell along c [see Fig. 1(b)]. Very re-
cently the AFII phase was also reported by Shamoto et
a/. in a sample with a T2 of about 15 K. The AFII
phase is also known &om neutron-difFraction studies on
the Nd&+yBa2 yCu306+p system. ' However, this sys-
tem may show a difFerent magnetic behavior compared to
the Y system, because Nd + is a magnetic rare earth ion,
which, moreover, substitutes on the Ba sites.

Therefore, except for the two observations ' men-
tioned above, the AFII phase has, to our knowledge,
not been observed in either polycrystalline or single-
crystal material of the undoped Y compound. Recent
magnetic neutron-difI'raction measurements on very pure,
high quality single crystals by Casalta et al. ,

"which were
prepared in zirconia crucibles, did not show any AFII
phase down to the experimental limit of 2 K, either.

Extensive studies have been carried out in order to
understand the inHuence of the M3+ cations on both
the Cu(1) "chain" and Cu(2) "plane" lattice sites on the
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FIG. 1. Structure of the antiferromagnetic (a) AFI and (b)
AFII phase. The moment direction for both phases is within
the ab plane. Filled and open Cu(2) atoms have oppositely di-
rected ordered moments. The ordered moments on the Cu(l)
atoms are insigni6cant.

structural, superconducting, and magnetic properties of
YBa2Cu3 ~M~O6+g. It was found that Ni + and
Zn2+ substitute mainly on the Cu(2) sites, is dramati-
cally affecting the superconducting transition tempera-
ture T, while M =Co +, Fe +, and Al + substitute pre-
dominantly on the Cu(1) lattice sites. i The latter substi-
tution induces a structural transition &om orthorhombic
to tetragonal symmetry at about x = 0.09, '2 and re-
sults in a quite moderate decrease of the superconducting
properties with increasing dopant content. It should be
noted that the results for Al-doped compounds are some-
what easier to interpret compared to the Fe- and Co-
doped systems, since a certain amount of Fe and Co also
substitutes on the Cu(2) sites. This fact was found by
Mossbauer investigations on Fe-doped ceramics, where
the Fe amount on the Cu(2) sites can be increased during
reduction at high temperatures. Substitution of Co on
Cu(2) sites was also observed by neutron powder difFrac-
tion studies on Co-doped material. Another remarkable
feature of doped samples is the fact that reduction at high
temperatures followed by a subsequent oxidation at low
temperatures results in a structural change from tetrago-
nal to orthorhombic symmetry, which has been reported
for the Fe-doped ' ' and Co-doped systems. For the
Al-doped system similar results have been found. This
observation is interpreted. as due to a clustering of the
defect ions on Cu(1) lattice sites during the reduction
process due to the higher coordination of the dopant.

Magnetic neutron scattering investigations on Co-
doped ' ' and Fe-doped ceramic samples show
that for a low level of substitution the transition to the
AFII phase is found at low temperatures. However, the
AFII phase becomes stable in a wider temperature range
for high substitution levels of the formally nonmagnetic

II. EXPERIMENTAL DETAILS

A. Sample preparation

The Al-doped single crystals were grown &om a
BaO/CuO flux in A120s crucibles using difFerent oxy-
gen partial pressures and cooling rates. Table I lists
the relevant growth parameters. Further details of the
growth procedure are given elsewhere. Al doping of the
crystals was a consequence of crucible corrosion. The
rate of crucible corrosion was found to be controlled by
the growth temperature, cooling rate, and by the oxy-
gen partial pressure during growth. The Al content was
determined by single-crystal neutron difFraction (see be-
low). EDX microprobe studies of typical crystals did not
ind. icate any lateral changes of the Al content. The as-

TABLE I. Relevant growth parameters of the crystals from
diferent batches.

Batch
WAX1

WAXG

WAX17

WAX28

TWOX197

Crucible
A12Og

A1203

Alg03

Zr02/Y
A1203

Ba source
Baco.
BaCO3
Ba02
BaO
BaO

Cooling rate Atmosphere
0.3 K/h 1 bar Oq

0.18 K/h 0.12 bar 02
0.3 K/h 1 bar 02

0.4 K/h, 0.3 K/h Air

0.5K/h, 0.3K/h Air

Cu+ by these magnetic ions.
Parallel to neutron-diffraction studies, the magnetic

order has been studied in detail by Cu-NQR. s In the
case of AFII ordering, the dipolar and magnetic hyper-
fine field induced by the magnetic Cu(2) ions lead to a
splitting of the NQR line of Cu(1) by about 0.2 T. In
the AFI structure this field disappears at the Cu(l) site
by symmetry. From these investigations it was observed
that most Y-Ba-Cu-0 samples show the AFI state down
to T = 1.1 K independent of the oxygen content 6+8
across the entire width of the antiferromagnetic phase
space. It has also been reported that the AFII struc-
ture can be induced by a small doping with a trivalent
ion on the Cu(l) sites like Fe, Al, Ga, whereas no field
was observed &om samples doped with the divalent Zn
or Ni.

Another sensitive probe for the study of the magnetism
in these compounds is the Mossbauer experiment, which
has been applied to Fe-doped ceramics. ' In these
experiments the AFI~AFII reordering is also observed
at low temperatures for low Fe concentration, whereas a
higher doping level is found to stabilize the AFII struc-
ture.

In this work we present a neutron-diffraction study
on YBa2Cuz Al 06+p single crystals with different Al
and 0 contents. Our work is motivated by the question
of whether and how the nonmagnetic Al ions inHuence
the magnetic properties of the Y-Ba-Cu-0 system. This
is also an important problem of materials preparation
since Al203 is used as a crucible material in many crys-
tal growth experiments for YBa2Cu306+g, where doping
by Al cannot be avoided.
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grown crystals were annealed in flowing oxygen between
873 K and 673 K during 500—660 h. The structural per-
fection of the crystals was analyzed by high-resolution
x-ray —diffraction measurements. The full width at half
maximum (FWHM) of the rocking curve of the (005)
peak was always far below D.l, which indicates a small
mosaic spread of these crystals. Another very sensitive
probe for determinination of the crystalline quality is ion
channeling experiments, which were performed on a typ-
ical crystal with an Al content x = 0.19 using 2 MeV
He+ ions at a backscattering angle of 165 . We obtained
a minimum yield y;„of 3.3% at the Ba edge. This
also demonstrates the high crystalline quality of these
Al-doped crystals, compared to undoped crystals of high
quality, where a y;„between 2 and 3% is observed. 40

Likewise, the width of the superconducting transition of
the oxidized crystals as measured by ac susceptibility did
not indicate structural or chemical inhomogeneities.

The oxygenated crystals were reduced under different
conditions and the oxygen contents of the different crys-
tals are summarized in Table II. WAX17-1B (x = 0.19),
WAX1-lA (x = 0.14), WAX5-1 (x = 0.07), TWOX197-
1 (2: = 0.06) were deoxygenated at 923 K under the
same conditions as in Ref. 17 using a gas volumetric
technique. ' Under these conditions Casalta et al.
attained an oxygen content of b=0.1 for the undoped
crystal. WAX17-1A (x = 0.19) was reduced at 973 K
for 48 h in a N2 gas flow. The purity of the nitrogen was
99.8%. The samples WAX17-1C (x = 0.19) and WAXl-
1B (2: = 0.10) were reduced at 1044 K for 64 h in a He
flow (1 bar) with repeated pumping sequences in order to
completely change the atmosphere in the furnace. Based
on the purity of the He gas the oxygen partial pressure
was lower than 10 bar during the reduction in order
to keep the oxygen content of these crystals as low as
possible. One crystal, WAX28-5 (x = 0.0), was grown
in a Zr02/Y20s (yttria stabilized zirconia) crucible and
therefore contains Al only in ppm traces. This crystal
was reduced in the temperature range between 873 K
and 773 K. To establish an oxygen content of b=0.25,
which is comparable to the oxygen content of the Al-
doped crystals, the oxygen partial pressure was adjusted

TABLE II. Name of the sample batch, the superconduct-
ing transition temperature T ' in the fully oxidized state,
reduction temperature T~, Al content x and 0 content b in
the basal plane, Neel temperature T~, and onset temperature
of the AFII phase Tq.

Saxnple T, ' TR (K) x b T~ (K) T2 (K)
WAX17-1A 59(1) 973 0.19(2) 0.36(3) 412(1) 18(l)
WAX17-1B 59(l) 923 0.19(2) 0.28(3) 407(1) 17(l)
WAX17-1C 59(1) 1044 0.19(3) 0.25(3) 408(l) 13(l)
WAX1-1A 69(1) 923 0.14(3) 0.25(3) 411(1) 8(1)
WAX1-18 69(1) 1044 0.10(3) 0.21(3) 404(1) 4(1)
WAX5-1A 79(1) 923 0.07(2) 0.14(3) 411(1) 7(1)
TWOX197 81(1) 923 0.06(2) 0.18(3) 403(1) 12(1)
WAX28-5 89(1) 923 0* 0.23(2) 334(1) ( 2

Crystal grown in Zr02/Y20s crucible.

with temperature, according to the T —p(02)-h phase
diagram in Ref. 43.

B. Neutron diffraction

Nonpolarized magnetic neutron-diffraction experi-
ments were performed on the TAS1 triple-axis spectrom-
eter at Ris@ National Laboratory, Denmark (RNL) using
incident neutrons of energy 13.7 meV (A=2.42 A. ) selected
by a graphite monochromator. Contributions of higher
order neutrons were minimized by a pyrolytic graphite
filter. The collimation between monochromator and sam-
ple was 30', between sample and detector a collimation of
19' was employed. Most of the measurements were per-
formed without analyzer crystal in order to relax the exit
collimation. The samples were mounted on an aluminum
rod and placed inside an aluminum can filled with He
exchange gas. For most of the work a standard He cryo-
stat was used for temperatures between 2 K and 300 K.
For measurements above room temperature the sample
was mounted in a furnace can, which was filled with He
gas to avoid oxygen takeup during heating. All the scans
were performed in the (hhl) scattering plane. The sizes
of the single crystals used for neutron-diffraction studies
were typically 3 x 3 x 0.5 mm .

In order to characterize the single crystals structurally
and to determine the Al and 0 contents, complete nuclear
Bragg scattering sets were collected by use of the TAS2
four-circle neutron diffractometer with incident neutrons
of wavelength A=1.047 A. . The structural parameters de-
termined &om the four-circle data were used in the sub-
sequent analysis of the magnetic data.

III. RESULTS

A. Nuclear structure

The data collection on the four-circle diffractometer
TAS2 was performed in the 0 —20 mode. We mea-
sured half a sphere of nuclear Bragg reflections up to
sin 9/A = 0.67 A. . Typically 1052 reHections were
measured leading to about 192 independent observations.
Analysis of the nuclear structural data was performed by
use of the SHELX76 (Ref. 44) refinement program. The
R factors obtained in the refinement were about 2%. De-
tails of the results are given elsewhere. For the single
crystal described here in most detail (WAX17-1B) the
results can be summarized as follows: Al is found to oc-
cupy only the Cu(1) lattice site; within the standard de-
viation no Al enters the Cu(2) site. The apical oxygen is
not fully occupied but shows a small deficiency of about
6%. Since this single crystal was reduced under the same
conditions as the undoped high-purity crystal used by
Casalta et al. , the oxygen content found in the basal
plane can be directly compared. to the undoped system.
For the Al-doped crystal with x = 0.19(2) an oxygen
content b = 0.28(2) is obtained, while h = 0.10 in the Al-
&ee material reduced under the same conditions. This
clearly shows that aluminum pins a significant amount
of residual oxygen in the chain layer. The refined con-
tents of aluminum (x) and basal-plane oxygen (h) in all
the investigated samples are summarized in Table II.
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B. Magnetic structure
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For all Al-doped single crystals investigated so far
AFI ordering sets in below the paramagnetic state. The
ground-state AFII phase occurs at low temperatures with
components of the AFI and AFII phase coexisting in a
limited temperature interval. As an example, the situa-
tion is shown for the sample WAX17-1B with x = 0.19,
b=0.28. Figure 2 shows the integrated intensity versus
temperature for the (2, 2,2) and ( 2, z, 2) magnetic peaks,
which are associated with the AFI and AFII ordering, re-
spectively. The integrated intensity of the (2, 2, 2) mag-
netic peak shows a power-law behavior I Io(T~ —T)@
with a critical exponent P =0.26(1) fitted between 300 K
and TN. T~ is found to be 407 K. The AFII ordering sets
in at T2 17 K. In the temperature range between 6 K
and 17 K both the AFI and AFII phases are present in-
dicating competing interactions. The AFI ordering com-
ponent vanishes completely at temperatures lower than
6 K, while the AFII order parameter saturates.

In order to determine the magnetic structure, several
magnetic peaks were investigated at 20 K and 4.2 K for
the pure AFI and AFII phase, respectively. The inte-
grated intensities were obtained by 6tting the peaks to a
Gaussian peak pro6le. All peaks were resolution-limited

in h, k as well as in the l direction, which implies that in
both phases the spins on Cu lattice sites order long-range
and three-dimensionally.

The difFerential cross section for magnetic scattering is
given by

where Pc is the scattering vector, w = (2 h, ~& k, —I) is a
crystallographic reciprocal lattice vector with Miller in-

dices (hkl), Q = (—q, & qq, —,q, ) is the characteristic

vector describing the magnetic ordering, FM~(P) is the
component of the magnetic structure factor perpendicu-
lar to v, N is the number of unit cells, and Vo the volume
of the cell. The square of the magnetic structure factor
can be written as

~FM~(a) ~'= p,'(I —(K S)')f'(a)F2..(a)e-2~, (2)

where po ——0.269 x 10 cm/p~ is the magnetic scatter-
ing length per p~, f (2) is the magnetic form factor for
Cu +, e is the Debye-Wailer factor, and F, (P) is de-

fined by Eqs. (5) or (6). The term (1—(k. S) ) = (sin n)
is a spin orientation function, which arises &om the vec-
torial magnetic interaction and accounts for the angle
o. between the spin direction S and scattering vector K.
The brackets around (sin o.) indicate a space and time
average over magnetic domains. For our re6nements we
considered two di8'erent spin orientations:

planar model SJ c: (sin n) = 2(1+ cos il),
uniaxial model S~~c: (sin n) = sin

where cosy = ~. In order to take the anisotropy into
account we calculated the magnetic form factor using the
formulas given by Freeman. For an unpaired 3d 2

electron distribution the aspherical form factor can be
written as
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For the (j ) we took the analytical approximations
given in the International Tables of Crystallography
for Cu2+.

The integrated intensity of magnetic scattering can be
written as

I(Pc) - (P)L(P),

Temperature I K]

FIG. 2. Integrated intensity vs temperature for the ( —22)
( ) and ( —

~ 2) (~ ) magnetic refiections for WAX17-1B. The
order parameter M ~I shows a power-law behavior
M

~

T —T~ ~p with a critical exponent P = 0.26(1) fit-
ted between 300 K and the Neel temperature T~ ——407 K. At
low temperatures AFII is the stable phase; between 6 K and
17 K both phases coexist.

where, in our case, L(K) is the modified Lorentz fac-
tor valid for a step scan with equidistant steps in re-
ciprocal space through a Bragg peak at Bragg angle
Og. For such a general scan L(P) may be expressed
as L(P) [2sin8s~ sin(os —p)~1, where p is the an-
gle between the scattering vector P = VV' and the scan
direction.

The high-temperature AFI phase gives magnetic re-
flections which may be indexed as (k+ —,k + 2, I) where
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TABLE III. Square of the structure factor F of the AFI magnetic Bragg re6ections, measured
at 20 K and calculated for the two different spin directions (for WAX17-1B).

——01 1
2 2
——1

—.—.2

~ .3
1 14
2 2
——51 1
2 2
——61 1
2 2
1 17
——13 3
2 2
- -:2
——33 3
2 2

1.148

1.266

1.567

1.969
2.423

2.904

3.400

3.907
3.485

3.605

3.798

E.',. (1O' b)

28.8
55.8
14.2
8.3
50.4
40.9

6.8
12.2
3.5

S J c
0.0
28.3

55.7

7.2
52.1
39.5
1.2
7.0
12.4
3.3

F, i, (10 b)
S
0.0

40.4
6.2
1.8
9.0
4.6
0.1
13.4
20.9
4.6

B = 2.8%

(S)c„(~)= 0.58(2)pn

R = 60.6%

(S)o„(2) = 0.56(20)p~

l g 0 and h, k, l are integers. The corresponding mag-
netic cell is doubled in the a and b directions, i.e., the
spins within a single (001) plane show a simple antifer-
romagnetic arrangement as indicated by the filled and
un611ed circles in Fig. la. The ordering vector is there-
fore Q„F1 = (2 —,2 &, 0), or in reduced reciprocal lat-
tice units: q~F1 = (2, 2, 0). The extinction rule, that the
magnetic re8ections with l=0 are absent, further implies
that the summation of the ordered moments in the Cu(1)
and the two nearest Cu(2) planes is zero, i.e., presumably
there is no ordered moment on Cu(1) sites and a perfect
antiferroxnagnetic coupling between ordered moments at
Cu(2) sites along c, resulting in the stacking sequence
+0 —+0—along c, where 0 belongs to the Cu(1) sites.
Considering these symmetry requirements, the geometri-

cal term of the magnetic structure factor normalized to
the chemical cell takes the form

~+s..(&) ~- 2(S)c~(2) sin(2vrqlz), (5)

where (S)c„(2) is the mean ordered moment on the Cu(2)
site and z is the distance between the Cu(1) and Cu(2)
layer in fraction of the unit cell length c. For the sin-
gle crystal described here (Tables II—IV, Figs. 1—3), we
refined a value of z = 0.3606(2).

Table III compares the observed and the calculated
magnetic structure factors (as I" b, and E, ),) for the
two spin directions mentioned above. Nuclear Bragg re-
Hections were used for normalization. The Debye-Wailer
factor was neglected for the magnetic Bragg peaks. The
best agreement between observed and calculated inten-

TABLE IV. Square of the structure factor F of the AFII magnetic Bragg reQections, measured
at 4.2 K and calculated for the two different spin directions (for WAX17-1B).

hI l „(A-') S".,. (1o' b) E, „(10 b)

0
111
222
113
222
115
222
117
222
119
222
1 1 11
22 2
1 1 13
22 2
331
222
333
222
335
222

1.148

1.179
1.399
1.760

2.192

2.661

3.151
3.653
3.454

3.536

3.693

7.5
42.0

38.5

Al powder line

Al powder line

14.1
2.2
9.2
7.9

S J c
0.0
7.6

42.0

37.9
0.1
25.7

52.3
13.0
2.2
9.7
8.5

B = 2.5%

(S)c„(g)= 0.55(1)p~
(S)c„(» = —O.O3(2) p,s

0.0
14.1
42.6
20.9

0.0
5.3
7.3
1.4
4 4

18.1
12.9

B = 45.4%

(S)o„(g) = 0.46(4)Vn

(S)o„(,) = 0.09(8)ps
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FIG. 3. Comparison between the experimentally deduced
form factors f (e) for Cu + as a function of e = 4n sin 8/A with
calculated form factors obtained from the spherical or aspher-
ical unpaired 3d 2 „2 electron distributions for WAX17-1B.
The different symbols , ~, correspond to the experimental
(h+ —,k+ —,l) (AFI) aud (h+ —,h+ —,l+ —) (AFII), h, k, l in-
teger, renections, respectively. For the aspherical distribution
the solid curve corresponds to the ( —,—,l) refjections, and the
dotted curve to the (2, —,l) reIIectious. The spherical form
factor is given by the dashed curve.

sities was obtained with the planar model, which means
that the spin direction is lying in the ab plane. The av-
eraged moment of the Cu + ious on the Cu(2) sites was
refined to be 0.58(2)y~. The spin direction as well as the
ordered moment on Cu(2) are in good agreeinent with the
results found for the undoped system.

The magnetic peaks at (h+ 2, k+ 2, l+ 2), with h, k, l in-
tegers, caused by the low-temperature phase AFII belong
to a magnetic cell which is doubled along the a, b, and
c directions IFig. 1(b)j. In this case the ordering wave

Thus the ordering within the plane is still antiferromag-
netic. The doubling along c allows for a possible ordered
moment on the Cu(1) lattice sites. Because magnetic re-
flections with q~ ——0 are absent, we find again that the sum
of ordered moments along the c axis should cancel. Con-
sidering these symmetry requirements the two stacking
sequences, (i) + + + ———and (ii) + —+ —+—,along c
are possible. The geometrical part of the structure factor
for the AFII phase normalized to the chemical cell is of
the form

a ferromagnetic coupling to the neighboring moments on
Cu(2) sites. The stacking sequence along c is therefore
found to be +++———.The agreement between observed
and calculated intensities is only insignificantly different
if the Cu(1) moment is set to zero. In other words, our
present data do not necessarily prove that there is an
ordered moment on Cu(l) sites. Our result for the AFII
structure is in agreement with the model proposed by
Kadowaki.

Since our Al-doped single crystals show a complete
transition &om the AFI to the AFII phase, we are able
to work out the form factors in each phase and compare
them to the calculated form factors. Figure 3 shows such
a comparison between the form factors deduced &om ex-
periment according to Eq. (2) and the calculated ones
for the aspherical unpaired 3d 2 y2 electron distribution
given in Eq. (3) as well as for the spherically averaged Cu
3d hole. The data of both the AFI phase and the AFII
phase demonstrate, that the Cu + form factor is better
described by the aspherical expression than by the spher-
ical approximation, which is obvious since the x —y
symmetry of the Cu 3d orbital is nonspherical.

Table II shows the transition temperatures T~ and T2
observed for samples with different aluminum and oxy-
gen contents investigated so far. The onset at T2 of the
AFII phase on cooling is not correlated with the Al and 0
contents in a simple way. The highest T2 of 18 K in these
crystals occurs for an Al content 2:=0.19 and b=0.36 and
there seems to be the tendency that T2 increases with
x for the same oxygen stoichiometry and sample treat-
ment. In this context it should be noted that the samples
WAX17-1C and WAX1-lB were reduced at higher tem-
peratures at a low oxygen partial pressure in order to get
the sample as oxygen deficient as possible. Both sam-
ples show a strong reduction of T2, which may be related
to the formation of Al-0-Al clusters during the reduc-
tion process (see below). For the Al-doped cystals the
transition temperature T~ to the paramagnetic state de-
creases only very slightly with x or b in the investigated
range, but it is significantly depressed in the undoped
crystal (WAX28-5) due to the charge transfer related to
the rather high oxygen content.

IV. DISCUSSION

I +seo(K) I (S)~u(]) —2(S)cu(2) cos 2mqiz,

where (S)~„(2) is positive, and (S)c„(i) is positive for
the model with antiferromagnetic orientation of nearest
neighbor Cu(1) and Cu(2) sites and negative for ferro-
magnetic orientation.

Refinements of the models were performed on seven
symmetry independent reflections. The results are shown
in Table IV. The best agreement between observed and
calculated intensities was obtained for a structure with
the spin direction lying in the (001) plane. The ordered
moment on Cu(2) lattice sites is refined to 0.55(2)@gal
and is thus the same as obtained for the AFI phase. The
ordered moment on the Cu(1) lattice site is very small
with a value of —0.03(2)p~. The negative sign implies

Our results show that in Al-doped single crystals, the
AFII phase is present at low temperatures. This is in
contrast to the undoped system, where this AFII phase
is found neither in polycrystalline materials nor in those
single crystals, which are definitely very pure (AI-free)
and of high quality. The AFImAFII transition in our
crystals is well defined and significantly sharper than that
observed by Kadowaki and Shamato in their samples.
Similarly, we observed exceptions &om the general ten-
dency that T2 increases with x for constant b. The follow-
ing line of arguments presents a chemical concept, which
is consistent with all observations, in particular with the
significance of Al doping for the magnetic structure, as
well as the relevance of the defect distributions which
vary according to the sample treatment.
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The refinement of our AFII data favored a structure
with a stacking sequence + + + ———,i.e. , a structure
with nearest-neighbor Cu(1)-Cu(2) ferromagnetic inter-
actions and nearest neighbor Cu(2)-Cu(2) antiferromag-
netic interactions. Thus the formation of the AFII phase
is presumably related to the presence of an effective fer-
romagnetic coupling between Cu(2) ions on next-nearest
CuOq planes, mediated via the intermediate Cu(l) layer.
If moments develop on the Cu(1) sites and couple mag-
netically to the Cu(2)02 planes, there will be a frustra-
tion of the antiferromagnetic arrangement of the Cu(2)
spins on the next-nearest-neighboring Cu(2)02 planes in
the AFI phase [Fig. 1(a)]. This frustration is resolved in
the AFII structure, which is doubled along the tetrago-
nal c axis [Fig. 1(b)]. Consequently, the AFII structure
is the ground state when magnetic moments are present
in the Cu(l) layer.

The refined ordered moment on Cu(2) lattice sites in
the AFII phase is 0.55(1)p~ and thus very similar to that
in the AFI phase. In contrast the refined ordered mo-
ment on the Cu(1) sites is only —0.03(2)p~ and hardly
significant. From mean field calculations, a moment of
l.lp~ is expected for Cu +. The reduction of the Cu +
moment to about one half of this theoretical value can
be explained by quantum fluctuations resulting &om the
2d character of the spin wave spectrum and the cova-
lency of the orbital of the Cu(2) with the neighboring
oxygen orbitals. It is clear that the ordered magnetic
moment on Cu(1) sites should be much smaller than that
on the Cu(2) site, because only a part of the Cu(1) is for-
mally oxidized &om Cu + to Cu + by the residual oxy-
gen in the basal plane. The disordered oxygen and alu-
minum distribution in the Cu(1) layer, however, makes
it quite diKcult to estimate the amount of Cu2+ ions on
the Cu(l) lattice sites for a given oxygen and aluminum
content. Assuming simply that each aluminum attracts
one excess oxygen and that the remaining oxygens each
oxidize their two Cu(l) neighbors to Cu2+, the fraction
of Cu + in the basal plane would be 2(b —x). Hence,
for a sample with b=0.28 and x=0.19 one may expect
a &action of 0.18 Cu + in. the basal plane. A local mo-
ment of about 0.5@~ per Cu + could thus lead to an
average ordered moment (S)c„(i) on the Cu(1) lattice
site of roughly O. lp~. Our refined ordered moment on
the Cu(1) site is still a factor of 3 smaller and practi-
cally zero within the limits of error. This is supported
by NQR measurements which show that Cu—0—Cu
chain fragments are present in the Cu(1) plane, which
carry no magnetic Inoment. We expect that in the case
of a clustered Al distribution [Fig. 4(a)] no magnetic mo-
ments will be present: it is obvious that there is no mag-
netic moment in the type of Al-0-Al clusters shown in
Fig. 4(a), while the spins on the Cu + ions in isolated
Cu +—0 —Cu + «chain &agments" most likely will form
singlet pairs with essentially no net magnetic moment [cf.
Fig. 4(a)]. In the contrasting case of a random Al distri-
bution, moments most likely will form on Cu2+ ions that
are part of the Als+ —02 —Cu2+ shown in Fig. 4(b), be-
cause these Cu + ions are weakly coupled to one another.
Thus, with significant Al clustering and low oxygen con-
tent (b x) there will be essentially no magnetic moment

CU CU+ cu+ CU+

cu2+

I

02-

I

CU2+

Al3+—02= Al3+

I

02- Q2-

I I

Al3+—Q&= Al3+

CU+ cu+

cu+

cu+

CU+

"Non-magnetic"
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I
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"Magnetic"
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CU+
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Q2-

I

CU2~Q2= Al + CU+

cu+

in the Cu(1) chain structure [Fig. 4(a)], whereas a ran-
dom Al distribution with excess oxygen (b)x) will give
rise to islands with &ee Cu + spins, which may trigger the
formation of the AFII phase [Fig. 4(b)]. Therefore the
Al-0 cluster configuration will have a significant influence
on the stability of the AFII phase via the control of the
local magnetic structure in the Cu(1) "chain" layer. That
this is indeed the case has been shown recently by Uimin
and Andersen. Recalling that experimental
and computer simulation studies have shown signifi-
cant clustering of Al, Co, and Fe ions in YBaCuO if the
material is reduced at high temperature, we believe that
the lack of clear correlations between the oxygen and alu-
minum content and the observed transition temperature
T2 to the antiferromagnetic AFII phase is a consequence
of the details of the crystal treatment. This is consis-
tent with our recent experimental structural studies of
Al-doped YBaCuO which have shown that the threshold
temperature for significant clustering to occur in a reduc-
ing atmosphere is 973 K, which is within the temperature
range used in the present sample preparations (cf. Table
II)."

The limited temperature interval below T2 in which
magnetic peaks with q, =0 and q, =l/2 coexist may be
interpreted in two ways, which cannot be distinguished
by the present diffraction data. The phase transition
may be of first order in which case domains with the

FIG. 4. Chain fragments in samples with (a) clustered and

(b) random Al distribution. Homogeneous Al +—0 —Al +

and Cu +—0 —Cu + chain fragments are nonmagnetic
(the latter will form a singlet state), whereas heterogeneous
Cu +—0 —Al + chain fragments carry magnetic moments
on the Cu + sites.
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Cu(2)

Cu(1)I I
Cu(2) &

Cu(2)

Cu(1)I
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FIG. 5. Stacking of the spins along the c axis of the AFI
(a) and AFII (b) phase. The moments in the collinear AFI are
assumed to be perpendicular to the moments in the collinear
AFII phases. The resultant spin structure of the hypothetical
noncollinear intermediate phase AFIfl AFII according to the
spin rotation model (c) results from a vector summation of
the two collinear structures (a) and (b) leading to the canting
angle P. Note that the spins rotate in the same sense within
a Cu(2)O& double layer, while the sense of rotation alternates
across the Cu(1) position from double layer to double layer.

collinear AFI and AFII structures may coexist. On the
other hand, a second-order transition between the two
structures may be established by a continuous antiphase
rotation of the Cu(2) spins in next-nearest-neighboring
Cu02 planes as pointed out by Kadowaki. As shown
in Fig. 5 the AFI structure with P=O' is transformed
into the AFII structure for a rotation angle of P=90'.
For intermediate angles a separate noncollinear magnetic
structure exists [Fig. 5(c)], which gives rise to both sets of
magnetic Bragg peaks. In any case, the intermediate or-
dered state is caused by competing interactions between
nearest and next-nearest Cu sites. Furthermore, the local
magnetic structure, which may include domains of three
distinct phases, will be strongly efFected by the distribu-
tion and ordering Geld strength of magnetic islands in the
Cu(1) chain structure.

A full realization of the mechanisms and the structural
conGgurations that give rise to the AFII phase has not
yet been established. In the recent work of Casalta et
al. the signiGcance of the Al was demonstrated in the
sense that for two high-purity samples with an oxygen
content b=0.1 and 0.18 this phase was not observed. This
observation has been corroborated further in the present
work where an undoped single crystal was reduced in a
controlled way to obtain b=0.25, which is comparable
to the oxygen content of the Al-doped WAX1-1A single
crystal (cf. Table II). From the refinement of the nuclear
Bragg refIection data set, an oxygen content of b=0.23
in the basal plane was obtained. In the WAX28-5 single
crystal no AFII phase was observed whereas the WAX1-
1A with x=0.14 has T2 ——8 K.

Comparing our results on Al-doped crystals with those
for Co- and Fe-doped materials, we Gnd a similar behav-
ior at a low doping levels, whereas the effects are com-
pletely different at higher doping levels. Miceli et al.
performed studies on polycrystalline samples with a Co
content of 0.20 in the Cu(l) plane, which is comparable to
the highest amount of Al in the samples we investigated.

The authors report that T2 is strongly affected by the
oxygen content. For an oxygen content of about 6.3 only
the AFII phase is observed with a T~ of about 400 K,
which rapidly drops with increasing oxygen content. At a
higher Co content the AFII phase seems to be stabilized,
also at high oxygen content. Zolliker et al. found in
YBa2Cu2 q6Cop 8407 32 ceramics only, AFII ordering, but
they claim that the moment direction is parallel to the c
axis. Based on our data this spin direction must be ruled
out for Al-doped materials. In reduced Fe-substituted ce-
ramic material it was reported &om neutron scattering34
and &orn Mossbauer investigations that for low Fe con-
tent the AFII phase is stable at low temperatures only
[T2 =50 K, T2 =25 K (Ref. 37)] and the AFI phase ex-
ists up to TN -400 K, while at a certain threshold value
of x [xq ——0.06, 4 xq ——0.24 (Ref. 37)] the AFII ordering ex-
ists over the whole antiferromagnetically ordered regime
up to T~. The discrepancies in T2 and xz may also be ex-
plained by a different Fe-cluster formation due to a differ-
ent reduction process. Considering the magnetic moment
of Fe2+/Fes+, the magnetic transition temperatures may
be more sensitive to clustering than in the case of Al dop-
ing. The observation of a small field on the Cu(1) lattice
sites was also reported by Lutgemeier et al. in NQR
studies of Al- and Fe-doped ceramic material, where the
Cu(l) line shows the typical Zeeman splitting. There-
fore it seems that the Al-doped system shows the same
properties as the Fe- and Co-doped system at low dop-
ing levels, indicating that the defect ions only act as an
impurity. At a higher doping level the magnetic proper-
ties of Fe and Co become important, stabilizing the AFII
structure, whereas the nonmagnetic Al still acts only as
an impurity at higher substitution.

In contrast to our results, Miceli et al. did not ob-
serve any AFII phase in Al-doped ceramic samples, nei-
ther at low nor at high doping levels. Furthermore, the
T~ value of T~ -500 K for an Al-doped sample with
x = 0.1 reported by this group is unusually high. Kuma-
gai et al. found no evidence for AFII ordering in NMR
studies of polycrystalline Al-doped samples.

As a summary, Fig. 6 shows all the magnetic transi-
tions discussed so far for these materials: in the oxygen
deGcient, undoped YBa2Cu306+g materials, the tran-
sition &om the paramagnetic to the antiferromagnetic
AFI phase occurs near T~——400 K. In highly Fe- and
Co-doped material the magnetic character of the dopant
induces a field, which is sufficiently strong to induce a
transition &om the paramagnetic phase directly into the
AFII ground state phase. In the Al-doped and the Fe-
and Co-doped systems at low concentration, the mag-
netic centers in the Cu(1) layer are diluted, and the
strength of the resulting noncoherent defect Geld is too
weak to stabilize the AFII ordering at high temperatures.
At T~ 400 K the transition to the AFI phase occurs,
whereas at low temperatures a reordering to the AFII
phase as the ground state phase can be observed. Re-
ordering between AFI and AFII can take place either via
a direct Grst-order transition with phase coexistence, or
as a continuous one via two second-order phase transi-
tions with an intermediate phase AFIAAFII. The sym-
metry of the latter phase is a combination of the sym-
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pure Para or Co
BaCuO

AFI oooooooooooooooooo~

L AFI g AFII

metry elements of the AFI and AFII phase. From the
present neutron-diffraction data we are not able to dis-
tinguish between these two possibilities. Kadowaki et
al. and more recently Mirebeau et a/. preferred the
spin rotation model &om the energetical point of view
and the fact that no hysteresis in the AFI~AFII tran-
sition is observed. NQR experiments on Al-doped single
crystals, which will be reported elsewhere support the
spin rotation model.

V. CONCLUDING SUMMARY

Our results show that Al induces the transition &om
the AFI to the AFII structure at low temperatures.
We believe that this transition is driven by the defect
field of magnetic moments introduced in the Cu(1) layer,

Al doped YBaCuO
low Fe or Co doped YBaCuO

FIG. 6. Schematic representation of the observed magnetic
phase transitions. The arrows point in the direction of de-
creasing temperature. The direct transition between the para-
magnetic phase and AFI is found in the pure system, the
Al-doped system and the Fe- and Co-doped systems at low
doping levels. In the highly doped Fe, Co system, the AFII
phase reaches up to the paramagnetic state. Reordering be-
tween AFI and AFII can take place either via a direct Grst
order transition (with defect-induced phase coexistence) or
via two second-order phase transitions via an intermediate
phase AFIAAFII.

as these moments are &ustrated in the AFI structure.
Since this AFI++AFII transition is not observed in pure
YBaCuO with various oxygen contents, the magnetic
reordering cannot be explained alone by the oxygen in
the chain layers creating moments on Cu(1) lattice sites.
However, the Al defect ions may develop &ee Cu spins at
Al—0—Cu chain fragments as shown in Fig. 4(b), which
may give rise to the transition to the AFII structure at
low temperatures. This feature is similar to the effects
caused by doping with Fe and Co at a low doping level.
At higher doping levels, in the Fe- and Co-doped systems
the magnetic nature of the dopant becomes dominant de-
stroying the AFI phase and stabilizing the AFII phase.
In this context, studies of the magnetic structure in the
mixed AFI/AFII region are of significant interest, and
they will be conducted. Furthermore, we have shown
that the Al distribution and thus the thermal treatments
are also important for the magnetic effects in these ma-
terials, which may explain the large discrepancies con-
cerning the AFI++AFII transition in the literature. In
order to get a clearer picture it is important to consider
the synthesis procedures and heat treatments for each
sample to be compared in detail.
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