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Zero-field p+ spin-rotation measurements in a ceramic sample of HoBa2Cu3O7 reveal three-
dimensional antiferromagnetic order below = 5 K and some incoherent, perhaps two-dimensional,
order up to 50 K in a diminishing fraction of the sample volume. With increasing temperature, at
about 100 mK, the Ho moments change their orientation from parallel to the c axis to parallel to
the a axis. The effective Ho moment is of the order of 2.6@8. Fluctuating field components per-
pendicular to the static field components at the p+ positions cause dynamical relaxation coexist-
ing with static dipolar line broadening. Thermally activated slow "paramagnetic" Auctuations are
observed up to 50 K.

I. INTRODUCTION

Shortly after the discovery of superconductivity in
YBa2Cu307 it was realized that the substitution of Y in
the layered orthorhombic perovskite-type structure by a
magnetic rare-earth (R) ion, such as Gd, Dy, Ho, and
Er, ' does not affect the superconducting properties of
this system, not even at low temperature, where the 4f
moments enter into a magnetically ordered state. This
confirms the view that superconductivity must be closely
confined to the Cu02 planes, considering that these planes
are the nearest-neighbor planes to the Y(R ) planes.

The Y or R planes themselves are separated from each
other by approximately 12 A, which leads one to suspect
that the magnetic order among the R ions is mainly two
dimensional (2D) in nature and that the exchange cou-
pling between adjacent magnetic planes is rather weak.
Therefore, it is very interesting to probe the R-ion-related
magnetism in more detail because such studies could re-
veal possible interaction mechanisms which may be
relevant with respect to the superconductivity in these ox-
ide compounds.

Neutron-diffraction experiments revealed in detail the
magnetic structure in GdBa2Cu307, DyBa2Cu307, and
ErBa2Cu307. In the first two systems the structure was
found to be of simple 3D antiferromagnetic order with the
rare-earth moments aligned along the crystallographic c
axis and a doubling of the unit cell in all three directions.
In the third system a two-dimensional ordering was found
with chains of ferromagnetically coupled spins aligned
along the b axis and antiparallel orientation between adja-
cent chains. Some ordering below 140 mK was also
detected in HoBa2Cu307, but an unambiguous iden-
tification of the magnetic structure was not possible. As-
suming a 3D antiferromagnetic structure similar to the
one in DyBa2Cu307, but with a doubling of the unit cell
only along the b and c directions, an effective moment of

-2pg was extracted.
The slowing down of spin fluctuations in HoBa2Cu307,

starting at temperatures as high as 100 K, and an effective
spin freezing below -3 K were observed in a number of
zero-field muon spin-rotation (@SR) experiments.
Since no precession was observed in the frozen state down
to 2 K, the order appeared to be random or spin-glass-like,
or of extremely short-range nature. Therefore, pSR and
neutron-scattering results together seem to suggest that a
change in the magnetic behavior must occur somewhere
between —2 K and —140 mK. The present zero-field
pSR study was intended to further investigate this
phenomenon and to extend the temperature range dis-
tinctly down to lower temperatures. ' The lowest temper-
ature attained in this experiment was 39 mK.

Inelastic neutron scattering on HoBa2Cu307 allowed to
deduce the crystal-field splitting of the Ho + Hund's rule
ground-state multiplet Is." The lowest state is a singlet
state with zero magnetic moment. The actual appearance
of a non-zero-ordered moment of the order of 2Ittt per Ho
site implies a strong admixture of excited states into the
singlet ground state. Four excited singlet states are found
within 50 K above the ground state. " Two of them have
a nonzero matrix element (J,) with the ground state. Pre-
viously, the low-temperature ordering was explained to
occur out of a singlet ground state by a nuclear moment
induced polarization effect. ' Since, as demonstrated by
our results discussed below, coherent antiferromagnetic
order appears above 1 K, this is a rather unlikely explana-
tion. %'e suggest that the observed ordering is due to
overcritical exchange interactions. Such interactions de-
stabilize the singlet ground state similar to what is ob-
served in induced moment magnets such as Pr3Tl, for ex-
ample. ' The crucial question is then, of course, of what
origin these overcritical exchange interactions are.

The paper is organized as follows: In Sec. II we brieAy
provide some experimental details, we discuss our results
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in Secs. III and IV, and Sec. V contains a summary of the
present pSR study.
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II. EXPERIMENTAL DETAILS
—0.1-

The zero-field @SR measurements were performed at
the Paul Scherrer Institute (PSI, formerly SIN) using
low-energy (surface) muons from the trM3 beam line.
Two series of runs were performed with the PSI low-
temperature pSR facility (LTF), which allowed to cover
the temperature range from 39 mK to 2.8 K. A third
series of runs, using a conventional p SR spectrometer,
covered the range from 2.4 to 50 K.

The HoBazCu307 ceramic sample used in this experi-
ment is a roughly rectangular plate with dimensions of
13x 22 x 2 mm . It was oriented perpendicular to the p+
beam. The sample was prepared as outlined in Ref. 3. It
was examined by neutron diff'raction and found to be
essentially single-phase material. The transition tempera-
ture T, was determined by transverse-field @SR measure-
ments to be -90 K. These measurements will be dis-
cussed elsewhere.
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III. RESULTS

Figure 1 shows the time evolution of the p+ polariza-
tion observed at diFerent temperatures. In particular, one
notices a strongly damped oscillating signal at the lowest
temperature. This oscillating component is still faintly
visible in the 2.4-K spectrum. The oscillation can no
longer be resolved at 5 K. However, at 7 K and even at 30
K two components continue to exist as is apparent from
the change of slope in the data. The fastly damped com-
ponent obviously decreases in amplitude as the tempera-
ture is increased. The solid lines in the figure are fits to
the data of the function

P„(t)=8 e '+A&e ' ' costo„t.

Ai and A & are amplitudes reflecting the fractions of the
muons contributing to the two components; m„ is the p+
Larmor frequency which is determined by the static aver-
age local field B„at the p+ sites
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to„=y„B„(y„/2tr 13.55 kHz/G) . (2)

Various g tests proved that for the oscillating component
a Gaussian relaxation function fits the data best. This im-
plies that the damping of the oscillating component is pri-
marily caused by a quasistatic inhomogeneous field distri-
bution across the p+ sites leading, in the language of
NMR, to an inhomogeneous line broadening. The relaxa-
tion rate cr as defined in Eq. (1), is given by the square
root of the second moment (ABt ) of the distribution of B„,

-y„j&t),BP) .

The second nonoscillating component in Eq. (1), which
had to be included in order to describe the data accurate-
ly, displays clearly an exponential damping.

In order to understand the origin of this component one
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FIG. l. Evolution of the p+ polarization P„(t) at various
temperatures. The absolute values of P„(0) are not identical
since the data were taken with different instruments and under
diFerent conditions. The solid lines are fits to Eq. (1). The orig-
inal fit to the p SR signal made use of the expression
N, + =Noexp( —t/r„) [1+P„(t)]+Pso, where r„=2.2 ps is the
p+ lifetime and Pao is a time-independent background (Ref.
14).
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has to recall that for a completely random distribution of
the directions of the internal field B„one-third of all p+
will on the average experience an internal field along their
initial spin direction. These muons will not precess and
the muon-spin-rotation signal is reduced to 3. Usually
the nonprecessing 3 p+ fraction will not be visible, unless
it is time dependent, i.e., if it relaxes. Relaxation in this
instance must be a dynamic or T ~ process caused by fluc-
tuating field components perpendicular to the p+-spin, or
to B„. The resulting relaxation function is exponential
and the damping constant A. I/T~ is proportional to the
power of the fluctuation spectrum F(ro) at the p+ Zee-
man frequency co„.' If the fluctuations can be character-
ized by a correlation time z„ 1/T& can be expressed as'
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(8, ) is the mean of the square of the transverse-field com-
ponents.

Because the total asymmetry or amplitude A~~+2& of
the observed @SR signal accounts for all implanted p+
(no missing asymmetry) and because the investigated
HoBa2Cu307 sample is polycrystalline (B„ is randomly
directed with respect to the initial p+ polarization) the
nonoscillating, exponentially relaxing component must
originate from those p+, whose spins are parallel to B„
and the observed damping reflects the presence of fluc-
tuating field components.

However, there is a slight difliculty with this explana-
tion. Figure 2 shows the fitted A ~ and A t as a function of
temperature. Considering only the low-temperature re-
gime we find A~ 19% and A~~ 6% and At/A~ =0.32 in-
stead of the expected —,

'
/ —', 0.5. It implies that on the

average less p+ are experiencing a field parallel to their
spin than expected for a truly polycrystalline sample. It is
not unreasonable, however, to assume that the sample
preparation technique leads to a certain preference of
crystal orientations inside the sample.

Figure 3 displays the fit results for v„=co„/2x. Below
75 mK v„amounts to about 2.5 MHz, corresponding to
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FIG. 3. Temperature dependence of the p+ Larmor frequen-

cy co„/2z. The temperature scale is logarithmic and linear in the
inset. Different symbols refer to different series of measure-
ments.

8„=185G. Between 75 and 150 mK v„drops relatively
sharply to 1.5 MHz (8„=111G). Upon increasing the
temperature further, v„remains constant up to about 600
mK and then starts to drop smoothly until it becomes zero
somewhere between 5 and 6 K (Fig. 3). Turning back to
Fig. 2 one notices that the amplitude of the oscillating sig-
nal starts to decrease above —1.5 K, while the component
of the exponentially damped signal rises by the same pro-
portion. Although co„approaches zero somewhere around
5-6 K, it does not mean that this component disappears
altogether. Rather this component continues to exist as a
Gaussian-damped, nonoscillating signal until its ampli-
tude vanishes around 50 K. The exponentially damped
component becomes the dominating one above 4 K and
seems to be the only one describing the data at 50 K.
Consequently, one-component Gaussian fits to the 50-K
data showed visible disagreement.

The fitted relaxation rates o and k are displayed in

Figs. 4 and 5. o shows essentially no temperature depen-
dence up to 15 K and amounts to -7 ps ' or
((58P))' =82 G. Above 15 K the fitted a value in-
creases and its error starts to increase drastically due to
the decreasing A&. In contrast A, shows a pronounced
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FIG. 2. Temperature dependence of the fitted amplitudes A~~

and A~. Data from different instruments were renormalized so
that A&,&

=A ~i+A & 25.6%. The drawn lines are only intended
to guide the eye.
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FIG. 4. Temperature dependence of the Gaussian relaxation
rate a.
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temperature dependence over the full temperature range
exhibiting in particular a clear peak at 4.5 K. The change
in frequency around 100 mK is also accompanied by a
change in X,, while, surprisingly, a does not vary.

IV. DISCUSSION

The average field B„by which the muon precesses de-

pends on the magnitude and order of the magnetic mo-

ments as well as on the muon site in the HoBa2Cu307 lat-
tice. The available information which can be used in as-

signing a site to the muon are the p+ relaxation rate
above T, 90 K and the local field seen by the p+ in the
magnetically ordered state of GdBa2Cu307. ' ' Further-
more a number of possible sites have been suggested by
calculations of potential energy surfaces for p+ in

Temperature (K)

FIG. 5. Temperature dependence of the exponential relaxa-
tion rate X.

YBa2Cu307. '

In YBa2Cu307 the p+ relaxation rate above T„
cJ(T & T, ), is entirely determined by the Cu nuclear di-
pole fields at the p+ positions. Even in the polycrystalline
average this relaxation is quite site dependent. In
YBa2Cus07, cr(T & T, ) is known from previous pSR
studies' to amount to 0.127(3) ps ' and to be field in-
dependent between 100 G and 7.47 kG. We have calcu-
lated o (T & T, ) for a number of lattice positions for three
diFerent situations: (i) in the Van Vleck limit, in which
the Zeeman interaction of the Cu nuclear spins dominates
over possible quadrupole interactions (o„„); (ii) in the
quadrupole interaction limit with the electric-field gra-
dients (EFG's) at the Cu nuclei oriented along the p+-
Cu-nucleus distance vectors (oP ); (iii) again in the
quadrupole interaction limit but with the EFG's at the Cu
nuclei oriented along the crystallographic c axis (og). '

The latter configuration is the one expected for the Cu(2)
site on the basis of nuclear quadrupole resonance (NQR)
results (see e.g. , Ref. 21). The NQR results also suggest
that within the range of magnetic fields applied in the
pSR experiments the quadrupole interaction is dominant.

For the same lattice positions we have also calculated
the dipolar fields Bd;~ originating from the Gd moments
(pod=7. 5ps) using the well-determined antiferromag-
netic structure of GdBa2Cu307. @SR measurements in
GdBa2Cu307 yield a local average field of -340 G. ' '
The results of all these calculations are compiled in Table
I. Sites 6, 7, and 8 are interstitial positions of high sym-
metry. None of these are compatible with the pSR data.
Site 4 is an oxygen vacancy in the Cu-0 chains and site 5
corresponds to the midposition between two oxygen atoms
in the Ba plane. Sites 12 and 13 were suggested in Ref.
17. They all can be ruled out. Sites 1, 2, 3, and 9 are the

TABLE I. Compilation of calculated relaxation rates o and net dipole fields Bd;~ at various possible p sites (for details see Sec.
IV). Sites (I), (2), (3), and (9) were suggested in Ref. 18 and sites (12) and (13) in Ref. 17; site (4) is an oxygen vacancy. Lattice
constant used (Ref. 5) a =3.814 A, b 3.882 A, and c 11.63 A. The known experimental values for a in YBaqCu307 above T, and

for the local fields in GdBa2Cu307 (R moments) and in the magnetically ordered tetragonal YBazCu306 (Cu moments) are also list-

ed.

p+ site x/a y/b z/c
(MHz)

rad0'g a g$u b

(I)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(io)
(»)
(12)
(13)

0.026
0.0
0.245
0
0
0.5
0.0
0.5
0.015
0.015
0.171
0.0
0.5

0.400
0.265
0.395
0.5
0.5
0.0
0.0
0.5
0.555
0.555
0.5
0.5
0

Experiment

0.083
0.108
0.0
0
0.159
0.0
0.5
0
0.087
0.065
0.065
0.171
0.171

0.119
0.159
0.125
0.131
0.0635
0.138
0.198
0.0687
0.100
0.117
0.0669
0.0622
0.0636

0.168
0.173
0.178
0.185
0.0899
0.195
0.281
0.0972
0.142
0.165
0.134
0.0881
0.0898
0.127'

0.121
0.226
0.141
0.147
0.0662
0.154
0.279
0.0769
0.103
0.122
0.100
0.0650
0.0666

450
393lla

190
—257lla

1010
—253 lib

0
0

413lla

332lla
346lla

—1176lla
—1141lib

340

297

100

—300 '

'pod =7.5p&, AF arrangement according to Ref. 4.
pc, =0.5pg, AF arrangement according to Ref. 23, pH, II(110).

'References 19 and 20.

References 16 and 17.
'References 22 and 23.
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suggested p+ positions in Ref. 18. According to Ref. 18
site 1 is associated with the deepest potential well followed
closely by the one at site 9. All of these positions do not
lead to predictions which are consistent with the data. In
calculating Bd;~ for other positions around site 9 it was no-
ticed that a very good agreement with B„could be
achieved by lowering the z coordinate to 0.065 (site 10).
Keeping this new position and changing the y and z coor-
dinates had little effect on Bd;~. Fixing the y coordinate at
0.5 and keeping the z component at 0.065 the x coordinate
was determined by requiring the distance between p

+ and
the nearest-neighbor atom [this oxygen atom is at the po-
sition (0,0.5,0)) to be 1 A.. This is a typical length for the
0—H bond. ' The thus obtained site 11 leads to a Bd;~ in
almost complete agreement with 8„. Also the calculated
ogd is very close to the experimental value. The. fact that
og' and not cry" is what the muon measures is consistent
with the observation that the EFG at the nearest-neighbor
Cu atom, which belongs to the Cu-0 chains, is highly an-
isotropic ' and therefore perhaps better represented by
the situation (ii).

We have also tried to explain the field at the p+ site in
the magnetically ordered phase of tetragonal YBa2Cu30$
which is not superconducting. This field amounts to
roughly 300 6.2 23 Since in this compound oxygen has
disappeared from the Cu-0 chains the nearest-neighbor
oxygen atom for site 11 is missing. Therefore, it is very
likely that the p+ will assume a new position. Placing the
p+ at the nearby (0,0.5,0.159) position (site 5) and as-
suming an antiferromagnetic arrangement of the Cu 3d
moments ( 0.5pg) in the Cu02 planes as found in Ref.
24 we calculate a dipolar field of 8$~ 297 6 which is in
excellent agreement with the pSR result. In keeping with
the concept of 0—H bond formation we can move the p+
closer to one of the two nearest-neighbor oxygen atoms
which, as long as the z position is not changed, has little
eff'ect on the calculated Bd;~.

In effect it seems that the position (0.171,0.5,0.065)
(see Fig. 6) is a reasonable choice for the p+ location in
the fully oxygenated compound. Having thus obtained at

O Ho lflllUITl

Barium

o Capper

O Oxygen

&&o~ ~

p+ site
b

o Oc&

FIG. 6. Structure of the unit cell of HoBa2Cu307 with the
proposed p+ site indicated (site 11 of Table I).

least a rough identification of the p+ location one can at-
tempt to interpret the 8„ found in the HoBazCu307 crys-
tal, assuming that the p+ site does not depend on the type
of Y substitute.

Assuming the antiferromagnetic structure suggested in
Ref. 5 and mentioned in the Introduction, we obtain a di-
polar field of -72 6/pit. Comparing this number with
8„1856 for T & 100 mK we calculate an effective Ho
moment of 2.56pg. This is in good agreement with the es-
timate presented in Ref. 5. The fact that a frequency is
seen at all in the pSR data is also proof for a 3D antifer-
romagnetic arrangement. Since the p+ location is almost
halfway between the Ho layers a 20 arrangement of mag-
netic order would probably have prevented the appearance
of an oscillating component.

The drop of B„around 100 mK may have different ori-
gins. One possibility is a rotation of the Ho moment into
the (a,b) plane. This is suggested by the crystal-field
splitting of the Ho ground-state multiplet which predicts
an easy axis of magnetization along the a direction. " As-
suming the Ho moments to be aligned along the a axis and
a magnetic unit cell which is doubled in all three direction
we calculate a dipolar field at site 11 of Bgg 42 6/p~.
By comparison with the measured field of 8„1116
above 100 mK we find an effective moment of 2.65pg
which is essentially unchanged from the one for T & 100
mK. This nice consistency renders this explanation as the
most likely one. In view of the crystal-field level scheme"
it is the ordering of the Ho moments along the c axis
below 100 mK which is in fact unexpected. A reason for
the assumed alignment might be found in competing
influences of isotropic and anisotropic two-ion exchange
interactions.

Another possibility is an unchanged structure but a
drop in the value of the ordered moment. However, there
is no obvious reason why something like that should occur.
In fact, the temperature independence of cr is strong evi-
dence against such a mechanism since in this instance one
would expect a scaling of cr with p H, .

A third very interesting, although remote possibility
would be an onset of magnetic order among the Cu 3d
moments (e.g., as found in Ref. 24) below —100 mK
while the Ho moments ~ould retain the order already
achieved above this temperature. The resulting field at
the p+ would be of the order of 200 6, in reasonable
agreement with the measured 185 6.

In any case the ordering must be rather short ranged,
since no magnetic diffraction peaks were found in the neu-
tron work above 140 mK.

The temperature independence of o up to —15 K js a
puzzling phenomenon. It implies that the associated qua-
sistatic field spread 68& [see Eq. (3)] does not change with
rising temperature despite the fact that the average field
as reflected in the behavior of co„eventually becomes zero
and that the fraction of p+ (or the associated volume
fraction) contributing to the Gaussian-damped signal
shows a steady decline above —1.5 K (see Fig. 2). The
actual origin of the field spread h,BI is not clear. The
magnitude of the field spread is of similar order as B„and
must, therefore, be associated with the magnetic moments
in the vicinity of the muon. This can explain its indepen-
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dence from the actual extension of the correlated regions.
Perhaps there is a more complex magnetic structure than
the simple antiferrornagnetic one discussed above leading
to magnetically inequivalent p+ sites.

The temperature dependence of ~„above 1 K most
likely reAects to what extent the magnetic order in the
respective volume is losing its 3D antiferromagnetic struc-
ture, perhaps by adopting a more 2D character above 5 K.
The increase of a above 15 K may even point to an ar-
rangement of randomly frozen Ho moments, as in a spin
glass, which will give rise to a field spread of the order of
hB =340 6 or cr =29 ps ' as estimated below.

The data show that magnetic order does not evolve by
means of a cooperative phase transitions. Rather, this
evolution starts on a microscopic scale around 50 K and is
essentially complete at around 1.5 K, involving the whole
sample volume (see Fig. 2).

Another puzzling fact is that a does not reveal any
influence from fluctuating field components along 8„,
while the exponentially damped component in the pSR
signal clearly implies the presence of Auctuating field
components perpendicular to 8„. As we will discuss fur-
ther below, Auctuation rates must be of the order of 10
s ' which, if present also along 8„, should have left their
mark on a as well. So we conclude that there are no fiuc-
tuating field components along 8„. This may be under-
stood, if one assumes that the Ho moments are actually
precessing in an uncorrelated fashion around the axis of
alignment, thus producing a static component p( along
this direction and a time-dependent component p, (t) per-
pendicular to it. This model could also provide a natural
explanation for the static field spread h,8(, if the static
component pt is quantized according to

P( N1Jgjgg

and, therefore, displays a distribution in values restricted
by the requirement that the overall antiferromagnetic ar-
rangement is conserved. Assuming that (pt ) =(p, )
= —,

'
(pH, ), the total moment pH, is estimated to be

3pg(pt) =4.5pti. The moment arrangement resulting
from this model may be viewed as a novel type of spin
glass.

Finally we turn to the discussion of the exponentially
damped component in the pSR signal. The relaxation
rate data displayed in Fig. 5 are characterized by three
different temperature ranges. In the range that extends
from the lowest temperature up to —1.5 K X scales with
to„, between —1.5 K and —5 K X increases sharply, and
above 5 K it initially decreases drastically, then more
slowly up to the highest temperature measured.

Since co„ is rather small, we expect m„~, &&1 and there-
fore

= y'(8') z
1 (5)

Tf
In the first range, assuming that 8& =8„,we estimate the
correlation time r, to be of the order of 10 s, indepen-
dent of temperature. The temperature independence is
consistent with our assertion that the Auctuating perpen-
dicular field components arise from the uncorrelated pre-
cession of the Ho moments around the c axis below —100
mK and around the a axis above —100 mK. The rate

100

10

a i i I i i i & I

0.00 0.05 0.10 0.15 0.20 0.25

T-~ (K-~)

FIG. 7. Logarithm of X vs inverse temperature (Arrhenius
plot) for temperatures above 4 K.

A.0 exp
U

kT (6)

with Xo=0.085 MHz and U/k =15 K (see Fig. 7). Xo can
be converted to a correlation time io with the help of Eq.
(5) by noting that (8, ) has now to be replaced by the
second moment of the field distribution arising from a
random orientation of the Ho moment. Using for this mo-
ment the estimated value of 4.5pti we calculate for site 11
y„(58 )=828 ps or 88=340 0 in the Van Vleck lim-
it. io is then estimated to be of the order of 10 ' s.

It thus appears that the Ho moment fluctuations are
thermally activated with an activation energy of about 15
K. The Auctuation rates are relatively small even in the
infinite temperature limit. Below 7 K some enhanced
slowing down is indicated. However, a cooperative phase
transition is clearly not manifested in these data.

V. SUMMARY

From p SR spectroscopy the evolution of magnetic
correlations and magnetic order among the Ho 4f mo-

I/z, is a measure of the loss of phase coherence among
neighboring Ho moinents and, therefore, also a measure
of the average precession frequency of the Ho moments.

Above —1.5 K A
~~

starts to rise which, as discussed be-
fore, signals the formation of paramagnetic regions within
the sample. Fluctuating magnetic fields arise now from
correlated or uncorrelated Auctuations of the Ho moments
which, if slow enough, constitute an efficient source for
p+ depolarization. The rise in A, is probably the result of
such a mechanism whereby one has to be aware that the
exponentially damped component in reality now consists
of two contributions: (i) a contribution from the magneti-
cally correlated regions which decrease in volume as the
temperature is increased, and (ii) a contribution from the
paramagnetic regions which increase in volume as the
temperature increases. The fitted X is, therefore, to be
considered as an average effective damping rate only.

The paramagnetic phase dominates in the third temper-
ature range and the fitted X will be mainly determined by
the induced relaxation rate in this phase. The tempera-
ture dependence of A. above 6 K is in fact well described by
the expression
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ments in the high-T, superconductor HoBa2Cu307 is
found to be rather unusual. The main conclusions can be
summarized as follows.

(1) Magnetic order of incoherent (probably 2D) and
coherent 3D structure evolves below —50 and 5 K, re-
spectively, without any discernible cooperative phase tran-
sition as far as the @SRdata can tell. The order develops
first in a vanishingly small fraction of the total sample
volume which grows with decreasing temperature and
reaches 100% at —1.5 K. Recently, a very similar behav-
ior has been observed in the heavy electron compound
CeAl "

(2) The pSR data below 100 mK are consistent with an
antiferromagnetic structure of the Ho moments in which
the moments are aligned along the c axis and the magnetic
unit cell is doubled along the b and c directions in compar-
ison with the crystallographic unit cell. The ordered Ho
moment is determined to be -2.6ptt. The structure and
the moment value are both in agreement with neutron
diffraction data. At about 100 mK the Ho moments
realign antiferromagnetically along the a axis with a dou-
bling of the unit cell in all three directions. Since the a
axis is expected to be the easy axis of magnetization on
ground of the crystal-field splitting of the ground-state
multiplet" this change of the moment arrangement may
be caused by anisotropic exchange interactions, as men-
tioned in Sec. IV.

(3) Dynamic spin relaxation of those p+ whose spin is
oriented parallel to the internal field 8„ implies the pres-
ence of fiuctuating field components perpendicular to 8„
while no fiuctuating component along 8„was observed.
This can be understood, if the Ho moments perform an
uncorrelated precession around the axis of alignment,
leading to the appearance of perpendicular time-
dependent components of the Ho moinents. The preces-
sion rates are the order of 10s s '. Above 1.5 K a
paramagnetic phase starts to develop, displaying relatively

slow moment fiuctuations of a thermally activated nature
above 6 K with an activation eneryg of the order of 15 K.

(4) The internal field 8„shows a temperature-
independent distribution width of 8,8t =82 6 up to 15 K.
This value may be compared with the width arising in
case of a random distribution of the Ho moments which
amounts to -340 G. This width seems to be approached
at the higher temperatures. 48t appears to be also in-
dependent of the change in magnetic structure at around
100 mK. This feature is not understood at present. We
conjecture that 58I is a result of the quantized nature of
the static moment component pI along the axis of align-
ment or the axis of quantization. Possible values of pI are
restricted by the requirement that the overall arrangement
remains antiferromagnetic. The average value of pI
determines the average B„and is given by the value quot-
ed above (=2.6ptt).

The onset of magnetic order in a singlet ground-state
system is unusual by itself and requires, as is known from
previous work in metallic rare-earth systems, ' an over-
critical exchange interaction. This exchange interaction
is facilitated by conduction electrons in the normal me-
tallic state but is clearly less easy to account for in a su
perconducting state well below T, . We thus regard the
occurrence of three-dimensional magnetic order in the
singlet grourld-state system HoBa2Cu307 below 2 K as an
unsolved puzzle.
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