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Abstract, The antiferromagnetic structure of the high-temperature superconductor HoBazCuaOg
with 7z = 77 K was determined by means of neutron diffraction at T = 9 mK. Imperfect three-
dimensional antiferromagnetic ordering of the Ho®" ions comresponding to propagation vector

= [0, % 0] is found below T = 100 mK with magnetic moments of magnitude 1.5 up at
saturation and oriented parallel to the a-axis. The antiferromagnetic sublattice is characterized
by stacking faults corresponding to a finite correlation length &, = 18 A along the c-axis. The
majority of the 17 crystal-field levels within the ground-state J-multiplet of the Ho®* ions is
established by inelastic neutron scattering, which allowed an unambiguous determination of the
nine asgignable crystal-field parameters. The observed temperature dependence of the order
parameter is found to be in excellent agreement with mean-field calculations including crystal-
field, exchange and hyperfine interactions.

1. Introduction

The 80 K superconductors RBCuyQg (R = yttrium or rare earth) have double CuO chains
in the unit cell instead of the single CuO chain characteristic of the RBa;Cuz O, (6 < x < 7)
compounds. Due to the Ammm symmetry of the chemical cell, the rare-earth sublattice is
face centred and contains two R ions in the unit cell shifted by (b+4-¢)/2. The large separation
of nearest-neighbour rare-earth ions along the c-axis (¢ ~ 27 A) renders the magnetic
characteristics highly anisotropic and favours two-dimensional (2D) magnetic ordering. In
fact, nevtron-diffraction experiments in DyBa»Cu,0g revealed 2D antiferromagnetic ordering
with propagation vector K = [%, %] at temperatures as low as 7 mK and an Ising temperature
“dependence of the magnetic order parameter [1]. On the other hand, 3D antiferromagnctic
ordering was found in ErBa;CuyOg with propagauon vector K = [0, 1, 1] below Ty =
0.49 K [2].

In previous papers we showed that 3D antiferromagnetic ordering in HoBa;CusO,
(x = 7.0, 6.8} is imperfect and driven by a combined nuclear-electronic mechanism,
i.e. polarization effects through the spins of the nuclei have to be invoked to achieve
antiferromagnetic ordering at low temperatures [3]. In this paper we report on nentron-
scattering experiments performed in polycrystalline HoBa;CuyOg. The magnetic structure
‘was investigated by neutron diffraction at 9 mK, and the crystal-field level scheme was
determined for the same sample by neutron spectroscopy. The temperature dependence of
the sublattice magnetization is interpreted in terms of a mean-field model including crystal-
field, exchange and hyperfine interactions. -
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2. Experiments

The HoBa;CusQs sample was synthesized by means of a high-oxygen-pressure technique.
The same sample has previously beem used for high-resolution neutron-diffraction
experiments [4]. The neutron-diffraction measurements were performed on the multi-
counter DMC diffractometer at the Saphir reactor of the Paul Scherrer Institut at
Wiirenlingen (Switzerland) operating in the high-intensity mode (vertically focusing Ge
(311) monochromator, wavelength 1.7036 A, without primary collimator). An oscillating
collimator placed between the sample and the detector (opening 12') was used to suppress the
scattering from the cryostat. The sample was enclosed in a cylindrical Cu container (10 mm
diameter, 50 mm height) and mounted inside a bottom-loading >*He dilution refrigerator
attaining ¢ mK. To achieve good thermal contact *He was condensed into the sample voids.
The raw data were corrected for absorption according to the measured transmission.

The inelastic neutron-scattering experiments were performed at the Saphir reactor on
the MARC triple-axis spectrometer operated in the neutron energy-loss configuration. The
energy of the scattered neutrons was kept fixed either at 5 meV or 15 meV. The sample was
enclosed in a cylindrical A1 container (10 mm diameter, 40 mm height) and mounted in an
orange ILL-type He cryostat. Some additional experiments have been carried out at the ILL
" Grenoble (IN4) (time-of-flight spectrometer) and at the RAL Didcot (MARI spectrometer).

3. The antiferromagnetic structure of HoBa;CusQg

The magnetic part of the cross section for nentron diffraction from magnetic samples with
polarized nuclei and unpolarized neutrons is given by [5]

o/dmw = A*M? + 2AbNIM - P +b5I°P? 1)

where A = 0.2696 x 1072 ¢m is the electronic magnetic scattering length. M =
M (Q) = M — Q. MQ with M (@) = g, f(Q)J is the component of the
magnetization perpendicular to the scattering vector ¢ and J is the total angular momentum.
F(@Q) is the electronic form factor and P denotes the polarization vector of the nuclei. by
is the scattering length of a thermal neutron by a nuclear spin I and may by modelled by
attributing to the nuclens a pseudonuclear moment p* /g = bni /rog = —0.555, with ry =
2.8179 fm and g = —1.9132 [6]. We assumed antiparallel polarization of the *Ho nuclei
with respect to the {induced) Ho electronic moments, similar to HoBa,Cus O, [3]. The least-
squares refinements of the observed magnetic diffraction patterns were carried out by means
of a modified version of the program MINREF [7] including instrumental resolution and using
(1). The electronic form factor of Ho** was used in the relativistic dipole approximation
[8].

Figure 1(a) shows the magnetic diffraction pattern of HoBa;Cus0Og measwred at T =
9 mK. The nuclear contribution was eliminated from the diffraction pattern by calculating the
difference for T =9 mK and T =400 mK. The antiferromagnetic structure of HoBa;CuyOg
corresponds to the propagation vector K= [O, 3, 0], as the magnetic peaks can be indexed
by the Miller indices (0, 2 2 0% (, 1 7 1), (©, 1 3» 2), ... with increasing scattering angle 26.
Therefore, the magnetic unit cell of HoBa,CusOg is doubled along the b crystallographic
direction with respect to the chemical one. The Ho** antiferromagnetic structure is shown
in figure 2. Figurc 3 shows the temperature dependence of the observed neutron intengities

for the (0, % 5, 0) magnetic reflection yielding the Néel temperature Ty = (100£5) mK.
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Figure 1. (a) The magnetic neutron diffraction pattem [£(9 mK)} — (400 mK}] of HoBayCusO3.
The background is subtracted from the data. The scattering angles corresponding to the Cu
reflections of the sample container are excluded from the diffraction pattetn. (h) The ca!ctdatad
neutron-diffraction pattern of HoBaZszOg corresponding to propagation vector J = [0, 4 5.0
and finite_correlation Jength £, = 18 A, as explained in the text. () The caIcu]atsd neulron
diffraction pattern of HoBazCuyQg corresponding to propagation vector K = [0, 4 %, 0] and
infinite correlation length, as explained in the text.

Analogous to the case of HoBa;CuszO, [3], the unusual line shapes observed in the
magnetic neutron diffraction pattern of HoBasCuyOg can be shown to result from finite
magnetic correlations along the c-axis, which is equivalent to the occurrence of magnetic
stacking faults along that direction. Assuming a Poisson distribution of the magnetic
correlation lengths along the c-axis results in a Lorentzian-shaped magnetic density in
Fourier space of every reflection (%, &, I) [9]:

Tus(g) o [T/ (0% + 17 — Q1) 18(2)8(a) @)

with ¢ = (g4, g5, Gc) = Tart — Q. Ty 1S a reciprocal lattice vector.

Figure 1(b) represents the result of a least-squares procedure for the measured data
by convoluting (1) and (2) with the known spectrometer resolution function and using
the Laue thearem for diffraction from polycrystalline samples. The caleulation yields a
finite correlation length between the magnetic Ho®* ions along the ¢c-axis & = (18£3) A
and the easy direction of the magnetic moments parallel to the g-axis. By scaling the
magnetic diffraction pattern with the nuclear peaks we obtain the magnetic moment value
Hue = (1.5204) ug. For comparison we also show in figure 1(c) the result of the
calculation assuming infinite correlation lengths along the three crystallographic directions
&, = &, = £, = o0, yielding a much poorer agreement with the measured data.
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Figure 2. The antiferromagnetic structure of  Figure 3. The temperature dependence of the square
HoeBayCuyOg below Ty = 100 mK. The arrows denote  root of the {0, %, ) magnetic reflection. The line is the
the Ho*t magnetic-moment directions, result of the calculations explained in the text.

4. Inelastic neutron-scattering analysis of crystal-field levels in HoBa;CusO5

The crystal-field Hamiltonian for the orthorhombic symmetry Dy, of the Ho*t ions is given
by

3 o0n I
Hee =Y Y BR O (3)

n=1 m=0

where the B2 denote the crystal-field parameters and the Q2™ are operator equivalents built
up by spin operators. (3) completely lifts the 17-fold-degenerate ground-state multiplet g
of the Ho* ions into 17 singlets (5 xI';, 4 %'z, 4 xI'3, 4 xT'4). Typical energy spectra are
shown in figure 4. The crystal-field splitting of HoBayCusOg turns out to be very similar
to the case of HoBa;Cu;0, [10, 11]. We can immediately interpret all the inelastic lines in
terms of crystal-field iransitions out of the ground state, since none of the excited crystal-
field states are sufficiently populated below 2 K. Thus we have been able to observe the
energies and intensities of ten among ihe thirteen allowed ground-state transitions, which
is sufficient to determine the nine independent crystal-field parameters of the Hamiltonian
(3). The procedure adopted in the least-squares data refinement was the same as deseribed
for HoBa;Cus0, [10]. Good agreement between observed and calculated energies and
intensities was obtained for the following crystal-field parameterss:

B = (—0.55£0.08) x 107" meV
B} = (—0.14 £0.02) x 107! meV
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B2 = (0.91£0.01) x 1072 meV
B} = (0.0 0.5) x 1073 meV
B} = (044 +0.01) x 1072 meV 7
© BY = (—0.432 £ 0.005) x 10=5 meV
= (0.4 £0.3) x 10~° meV
B = (—0.135 £ 0.001) x 1073 meV
= (0.1£0.3) x 1075 meV

More detailed information on the neutron spectroscopic study of the crystal—ﬁeld splitting
in HoBa;CusQg will be published elsewhere [12].
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Figure 4. Energy spectra of neutrons scattered from HoBa;Cuy Qs at 2 K. The upper part of the
figure shows the resulting crystal-field energy-level scheme. The arrows denote the observed
trangitions.

5. Discussion and concluding remarks

The magnetic single-ion susceptibility calculated from the crystal-field results yields the a-
axis as the easy axis of magnetization, in agreement with the magnetic structure determined
by neutron diffraction. The interpretation of the temperature dependence of the intensities
observed by neutron diffraction is based on a I-Iamlltoman that includes crystal-field (3),
exchange and hyperfine interactions:

H = HCF—)L(Jx)Jx-I-aJIIx. . (4)
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a = 39 mK is the hyperfine coupling constant as determined by EPR measurements [13],
and x is the easy axis of magnetization. The only adjustable parameter is the molecular-
field constant A which has been chosen such as to corgectly predict the Néel temperature
Ty = 100 mK. We find A = 64 mK. Figure 3 shows the results of our calculations for
the scattered intensity, based on (1) and (4) and taking into account the full crystal-field
encrgy-level scheme on HoBa;CusOg as measured by neutron spectroscopy in the present
work. At T = 9 mK the calculated magnetic moment turns out to be i = 1.82u5, which
compares nicely to the measured value 1 = (1.5+0.4)up.

In conclusion, we have shown that the magnetic ordering of the Ho>" ions in
HoBa;CuyQg below Ty = 100 mK is very similar to that in the compound HoBaxCuz Oy (x =
7.0, 6.8) with imperfect 3D ordering and polarized nuclei. The small correlation length &, ~
18 A is smaller than the lattice parameter ¢ ~ 27 A, so that less than three magnetic ions are
coupled along the c-axis, similar to Dy,Ba;Cu,0ys, where the magnetic diffraction pattern
could be explained by considering 2D antiferromagnetic ordering with ferromagnetically
coupled bilayers along the c-axis [14].
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