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1. Phys.: Codens. Mamr 7 (1993 42154226. Plinted in the UK 
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H Zhout and P Vorderwischs 
t Labomtow for Neutron Sanering, ETH Zurich and Paul Schemer htitut, CH-5232 Viligen 
PSI. Switzerland 
t University of British Columbia Department of Physics, Vancouver BC, Canada 
8 Berlin Neutron Scattering Centre, Hahn-Meiher-Instihn. D-14109 Berlin, C e m y  

Abstract Inelastic neutron scattering (MS) has been used to Study the magnetic excitatious 
of H d +  ions in grain-aligned samples of HoBazCutO, in both orthorhombic (x Ei 7) and 
tetragonal (x FC 6.2) phases. The magnetic excitations associated with the lowest gmund stale 
crystalline electric field vansition exhibit dispersion in the (a. b)  plane but remain constant in 
energy along the c axis. The data are analysed in the randomphase approximation in terms of 
a generalized Heisenberg model including anisotropies in the wupling of the spin opentor$ 

1. Introduction 

In nearly all high-Tc superconductors RBazCu3q (R = rare earth) long-range magnetic 
order of the R3+ ion sublattice appears at very low temperatures: threedimensional 
antiferromagnetic structures with different propagation vectors were determined by means 
of neutron diffraction [I]. The oxygen content in the systems RBazCu30, plays an 
important role for the superconducting properties as well as for the magnetic interactions: 
a transition from three- to two-dimensional magnetic structures is observed when oxygen is 
removed from ErBazCu307 and NdBazCu307 [2,3]. In order to understand the interplay of 
superconductivity and magnetism, it is necessary to get information on both the electronic 
ground state of the R3+ ions and the coupling mechanism between the R3+ ions. Whereas it 
is relatively easy to determine the ground state wavefunctions in the systems RBazCu30,, 
particularly through neutron spectroscopic investigations of the crystalline electric field 
(CEF) interaction, there is still a lack of information concerning both the nature and the 
size of the magnetic interaction. Several mechanisms leading to two- or threedimensional 
spin shuctures are generally proposed for these systems: Ruderman-Kittel-Kasuya-Yosida 
(my), dipolar or superexchange interactions. lssGd Mossbauer spectroscopy data obtained 
for G d B a g u s q  revealed a small number of conduction electrons at Gd3' sites implying 
only very weak RKKY interactions 141. Mima and Felsteiner 151 calculated the expected low- 
temperature ordered states for various RBazCu,07 compounds based on dipolar interactions 
alone, but their prediction in the case R = Ho disagrees with recent neutron diffraction data 
[6]. Furthermore, as it is the case for GdBazCu30, 171 and RBaKu307 with R = Nd, Dy, 
Er [SI, calculations based on dipolar interactions alone generally result in Nee1 temperatures 
which are lower than the observed ordering temperatures implying that exchange interaction 
has to be considered in the magnetic coupling between R3+ ions. 

Qualitative information on the coupling of the R3+ ions in the systems RBazCu307 has 
been obtained from magnetization and low- temperature specific heat measurements which 

0953-8984/95R24215+12$19.50 0 1995 IOP Publishing Ltd 4215 



4216 F Fauth et a1 

indicate large anisotropies of the magnetic interaction in the ( a ,  b )  plane 191. However, 
a more detailed insight into the coupling mechanism is possible from a study of the spin 
dynamics. Measurements of the collective magnetic excitations which inherently contain 
information on both the nature and the size of the magnetic coupling between the R3+ ions 
tum out to be the most direct way to characterize the magnetic interaction. The inelastic 
neutron scattering (INS) technique is particularly suited for this kind of study which is 
usually performed on single crystals. Because of the absence of sufficiently large and perfect 
crystals of RBa~Cu30, we have performed our experiments on grain-aligned samples. This 
technique has already been applied in a preliminary study of HoBazCu30, [IO], but here we 
present INS data obtained under improved experimental conditions for grain-aligned samples 
of HoBazCu30, in both orthorhombic ( x  FJ 7) and tetragonal ( x  % 6.2) phases. The reason 
for the choice of this particular rare eaah element lies essentially in the well known CEF 
level scheme of HoBa2Cua0, which is characterized by a series of low-lying states which 
can be sufficiently resolved within the small range of energy dispersion anticipated for these 
systems 111, 121. 

2. Experimental details and results 

Polycrystalline single-phase starting material of HoBa2Cu307 of weight 15 g was prepared 
by a standard sintering procedure and oxygenated to reach a maximum oxygen content close 
to seven. In HoBazCu,07 the crystalline electric field acting on the rare earth ion induces 
a strong anisotropy in the single-ion susceptibility $(U)  (or = x ,  y .  z): the z axis is the 
easy axis of magnetization at high temperatures [Ill.  It follows from this property that 
the application of an external magnetic field results in an alignment of the grains along the 
z axis, whereas the x and y axes remain randomly oriented. To align the powder, 7 ml 
heptane and 0.8 g sarcosyl-0 was first added to the sample. The mixture was milled for 
50 minutes and quickly poured into three Teflon moulds. The samples were then placed 
into a magnetic field of 5.24 T at 500 "C for 7 days. The resulting oriented samples had 
a grain size of less than 1 pm. At this point the samples were very soft and hard to 
handle. Once the pellets were removed from the Teflon holder they were put into a tube 
furnace set at 205 "C for 2 hours and then at 400 "C for another 2 hours. This allowed 
us to burn off any organic materials that remained from the sarcosyl-0. Finally the pellets 
were taken to 920 "C for 5 hours, after which time they were annealed in pure 0 2  for 2 
days at 400 "C. The tetragonal phase HoBa2Cu306.2 was obtained from the grain-aligned 
HoBa2Cu3@ sample by a temperature-controlled oxygen desorption-absorption procedure. 
The quality of the alignment was characterized by neutron diffraction: the rocking curves 
measured for various (OOl) reflections turned out to be of Gaussian shape with HwHM 1 I" 
(see figure 1, upper part). We also performed 28 scans of the (001) reflection for values of 
o ranging from 0" to 90". and the resulting integrated intensities are shown in the lower 
part of figure 1. For perfect grain alignment the integrated intensities should vanish at large 
values of o. However, we do observe some minor Bragg scattering at large o values which 
means that our samples still contain unaligned powder. From figure 1 we determine the 
fraction of unaligned powder to be ahout 15%. 

The INS experiments were performed at the Hahn-Meitner-Institut, Berlin, with use 
of the high-resolution triple-axis spectrometer V2 installed at a cold-neutron guide. The 
spectrometer was equipped with a vertically bent pyrolitic graphite monochromator to 
gain intensity and a pyrolitic planar graphite analyser, both with (002) scattering planes. 
Collimators of 60' were used between the monochromator and the sample and before 
and after the analyser. The energy of the scattered neutrons was kept fixed at 3.5 meV 
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Figure 1. Rocking curve of the (W1) reflection in HoBpCu30, measured with use of a 
double-axis spectrometer at PSI (upper part) and integrated intensities of 28 scans as function 
of o (lower pat). The line is a Gaussian fit to the data 

for HoBa2Cu307 and 3.08 meV for HoBa2Cu306.2. resulting in an energy resolution of 
0.09 meV and 0.07 meV at AE = 0. respectively. The samples were oriented with the 
[OOI] axis in the scattering plane and mounted in an ‘orange ILLtype’ helium cryostat to 
achieve the temperature T 4 1.5 K which is far above the ordering temperature of Ho3+ 
moments in HoBazCupOz (long-range antiferromagnetism was found below TN = 190 mK 
for x = 7, whereas no magnetic superlattice reflections were detected for x = 6.3) [6]. A 
cooled beryllium filter was inserted between monochromator and sample to e l i n a t e  higher- 
order contamination. Scans with constant scattering vector Q = Zn(x/a, y j b ,  z / c )  were 
performed throughout the experiments. Due to the random orientation of the samples in 
the (a, b) plane, it was impossible to distinguish between the components Q, and Qy lying 
perpendicular to the z axis, therefore the actual scattering vector was Q = 2n(x‘/a, z/c) 
with x’ = 

For both orthorhombic and tetragonal phases of HoBaZCu30, we covered a Iarge region 
of reciprocal space in the (x’, z )  plane, and for all Q the first ground state CEF excitation 
was examined in detail. In HoB~zCU~O,, some Q have been extended to include also 
the third ground state CEF excitation I‘3 -+ rI of energy 3.8 meV [ I  I]. In HoBazCu3@ 
the cm transition r3 + T4 of energy A 0.5 meV 1111 shows up as a well resolved 

(assuming a = b). 
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Figure 2 N o n ~ l i z ~ d  and fonn.factorsomted energy spectra of neutrons scattered from grain. 
aligned HoBazCu,ol at 1.5 K for Q parallel and perpendicular to the c axis. The full lines 
correspond to lhe calculaKed exciaion specm as explained in the text. The broken, dash-dotted 
and dotted lines represent x. y and z polarizations, respectively. 

inelastic line and exhibits dispersion in energy as exemplified in figure 2. The peak shape is 
broad and asymmetric for Q perpendicular to the z axis, whereas for Q involving a zero x' 
component we observed narrow but still asymmetric lines. The energy of maximum peak 
intensity of this excitation varies typically between 0.4 and 0.6 meV when following Q along 
the x' axis and remains constant upon variation of Q along the z axis. Further illustrative 
energy spectra of neutrons scattered from grain-aligned HoBazCu3Q are shown in figure 
3. For H0Ba~Cu306.2 the ground state CEF transition r3 -+ r5 of energy A M 1.1 meV 
[I21 exhibits a considerably reduced dispersion in energy, but the Line shape still appears 
asymmetric (figure 4). 

3. Data analysis 

3.1. Theoretical background 

In our experiments on grain-aligned HoBazCusO, the data are analysed in terms of a 
phenomenological spin Hamiltonian of the form 
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P i w e  3. Normalized and form-factor-corrected enew specba of n e u m  scattered from gain- 
aligned HoBazCu3q at 1.5 K for scattering vectors dong the (x'. 0) and (0.5, I )  diredions. 
The lines me as in figure 2. 

The single-ion term describes the crystalline electric field (cw) interaction at 
the Ho3+ sites which was entirely determined by means of INS experiments performed 
on polycrystalline HoBazCu30, [ll, 121. The two-ion term reduces to the well known 
Heisenberg, king and XY models for J$ = J/j .  J$ = 0 and 4; = 0. respectively. For 
J i  # J,; # 0 we have a general anisotropic model. In the random-phase approximation, 
the magnetic excitations are determined by the poles of the dynamic magnetic susceptibility 
113. 141: 
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where P ( Q )  ( x ,  y = 1. z = 11) is the Fourier transform of the exchange coupling and 
xt(o) the single-ion susceptibility. The integrated intensities Z"(Q) of the excitations 
are proportional to the residues of the corresponding poles. Inelastic neutron scattering 
experiments yield the magnetic excitations or the inelastic part of the dynamic magnetic 
susceptibility. The cross section is I151 

where F(Q) is the magnetic form factor. Because of the polarization factor [I  - (Q./Q)*] 
neutrons can only couple to spin fluctuations perpendicular to the scattering vector Q. which 
allows us to distinguish the different polarizations of the magnetic excitations. 

In principle, the dispersion curves of the magnetic excitations and the intensities have 
to be calculated numerically. However, the energy of the first ground state CEF transition in 
HoBaZCufO, is sufficiently small compared to the energies of the othar CTF transitions that 
we can assume an effective two-level system for which the following simple expressions 
for energies "(Q) and integrated intensities Z"(Q) result [16]: 

A 2ksT (4d 

Here, A corresponds to the energy of the CEF transition from the ground state 10) to the 
excited state 11). and M, = (1IJ"lO) (a = x ,  y, z) is the dipole transition matrix element 
between these two states. Both Ma and A are known from previous CEP measurements on 
powders [ l l ,  121. 

For the calculation of J"(Q) we take into account the exchange parameters J:, 4 and 
J," coupling the central Ho3+ ion with the nearest-neighbour Ho3+ ions at the positions f a ,  
f b  and f c  along the x ,  y, and z directions, respectively. From the absence of dispersion 
along the t axis in HoBaZCu& and HoBazCusO6.z (figures 2, 4) we immediately conclude 
that J," 0 as actually expected from the large separation of the Ho3+ ions along that 
axis. Information about J: and J f  is more difficult to obtain because of the random 
orientation of the x and y axes in our samples. Therefore, the magnetic excitation spectra 
cannot be analysed directly according to (4a) and (4b). but a superposition procedure has 
to be performed in the ( x ,  y) plane. In this procedure, we calculate the magnetic excitation 
energies o"(Q) and the corresponding intensities I"(&) for various directions of Q in 
the ( x .  y )  plane by varying the direction cosines systematically, obtaining a histogram- 
like energy and intensity distribution. In order to compare the model calculations and 
the observed spectra, the energy and intensity distribution is then convoluted with a line 
shape function which describes both the instrumental resolution as well as an asymmetric 
tail appearing on the high-energy side. The asymmetric line shape becomes evident from 
figures 2 and 4. It clearly does not result from our superposition procedure since if is also 
present in the spectra with Q = (0, z )  where no averaging has to be performed. In fact, this 
asymmelic line shape of the CEF transition in HoBa2Cup0, was already observed in earlier 
work [ I  1.  12, 171, and different models based on fluctuating magnetic or electric fields at 
the R3+ sites were proposed in [I71 to explain this effect. 
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Figure 4. Nonndizd and fm-factor-correded energy spectraof neutsons scattered from grain- 
aligned HoBazCusO6.z at 1.5 K for Q parallel and perpendicular to the e axis. The lines are as 
in figure 2. 

3.2. HoBa~Cu307 

Twenty-one measured energy spectra of the CEF ground state transition r3 + r, in 
HoBazCu307 were least squares fitted to our model. In a first step, parameters concerning 
the convoluted line shape function (a half-width parameter for the Gaussian type of both the 
intrinsic broadening of the CEF line and the instrumental resolution as well as an anisotropic 
l i e  shape factor) were deduced from the spectra with x' = 0 where no superposition 
procedure is necessary. Then all the spectra were simultaneously fitted to our model 
with the following disposable parameters: an overall scaling factor, the CEF transition 
energy A, the three CEF dipole transition matrix elements M,, My, Mz with the condition 
M; + MF + M: = 27 for HoBa2Cu3@ 1111, and the magnetic coupling parameters J k ,  JJ', 
Jk and J j .  The resulting parameters for grain-aligned HoBazCu@, are given in Table 1 
for both the anisotropic and isotropic models. Calculated and measured spectra are shown 
in figures 2 and 3. From the goodness of the fit we conclude that the Heisenberg model is 
inferior to the model with anisotropic magnetic coupling parameters. 

Due to the random orientation of the x and y axes in our grain-aligned sample 
another solution is possible by interchanging the parameters J," and J;, but our choice 
of ferromagnetic and antiferromagnetic coupling along the a and b axes, respectively, is 
consistent with the low-temperature neutron diffraction study of the magnetic ordering 
in HoBa@1307 [6] .  There is a good agreement between our mF transition energy 
A and previous results obtained from CEP measurements on powders [ll].  The fitted 
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exchange parameters also correspond well to those determined from the dimer excitations 
in Yo.~Ho~,.lBa~Cu307 when Jh = -& = 2.6-10.3 meV [17]. From our data we calculate 
the molecular field parameters ,Iu = P(q,)  = 2(J," - J; - J,"), where q,, = [0, $, f ]  is 
the ordering wave vector [ST, to be A' = 5.6 & 0.2 FeV and A' = 6.9 f 0.3 WeV, which 
are in good agreement with Ax = 5.6 peV derived from the zero-field magnetization [6]. 

Table 1. 
HoBa~CuKhp 

Refined parameters for both anisompic and isompic magnetic coupling in 

Anisotropic model Isompic model 

J; = 3.2 i 0.1 peV 

J! = 0 & 0.2 peV 
J k  = -2.4 & 0.8 peV 

JA' = -6.9 i 1.6 SeV 
A = 0.52 i 0.02 meV 
M: = 11.4 j: 2.4 
M: = M: = 7.8 i 1.2 

J a = 2 . 2 j : l . l p e V  

Ja = -2.41 1.2 peV 

A = 0.52 f 0.02 meV 
M: = 14.0 j: 5.0 

M; = M: = 6.5 I. 2.5 

x1 = 2.4 x z  = 3.3 

Table 2. 
HoBa2CmOa. 

Refined parameters for both anisotmpic and isouopic magnetic coupling in 

Anisompic model Isotropic model 

JL = 0.7 i 0.6 peV 

J z z  = -2.2 i 4.5 w V  
A=1.05iOo.02meV A =  1.05iO.01 meV 
M i  =U.l i 3 . 8  M: =23.2+1.4 
M: = 8.9 f 1.9 

x 2  = 2 4  

J = 0.6 j: 0.4 peV 

M: = 8.8 f 0.7 

x2  = 2.6 

In order to check the reliability of the derived magnetic coupling parameters we have 
calculated three measured spectra corresponding to the r3 + rl ground state CEF transition 
of energy A w 3.8 meV [ l l ]  on the basis of the anisotropic magnetic coupling parameters 
listed in table 1; the only varied parameters were an overall scale factor, the CEF bansition 
energy A, and the three CEF transition matrix elements M x ,  My, Mz with the condition 
M: f M: f M: = 5 1111. The resulting transition energy, A = 3.92 3c 0.03 meV, 
corresponds well to previous measurements on powders, and the transition matrix elements 
are M: = M," = 0.6 f 0.2 and M: = 3.8 f 0.4. The good agreement between the observed 
and the calculated energy spectra (figure 5) proves the reliability of the magnetic coupling 
parameters obtained from the analysis of the r, + r4 CEF transition. 

3.3. HoBa2Cu,06.2 

In the tetragonal phase HoBa~Cu306.~ we studied in detail the lowest CEF ground state 
transition r3 + l?s of energy A = 1.1 meV [12]. Here, the dispersion effects involved are 
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Energy [mew 
Figure 5. Normalized and form-factor-corrected energy spectra of neutrons scartered from grain- 
aligned HoBaZCu30, at 1.5 K for different scatlering vectors Q. Here, the cooled beryllium 
filter was inserted between sample and analper. The full lines correspond to the calculated 
e x c i a o n  spectra as explained in text. The broken and dotted lines represent transverse and 
longihldinal polarizations, respectively. 

much weaker than for HoBatCu307 as actually expected from the larger CEF transition 
energy A (see (4a)). Because of the tetragonal symmetry some additional conditions 
are imposed on the magnetic couplin parameters and to the CEF dipole transition matrix 
elements: J: = J i  = J' and JAi = .$ = Jl', and M," = M: = $Mi. As for HoBazCu307 
we assumed J p  % 0. Seventeen energy spectra were simultaneously fitted, and the refined 
parameters were an overall scale factor, the CEF eansition energy A, the CEF dipole transition 
matrix elements Ms and M, with the condition MI + M: = 32 1121 and the magnetic 
coupling parameters JL and Jli. The convoluted line shape function was determined as 
described in section 3.2. Again, a simplification to isotropic magnetic coupling is possible 
by setting J' = JIl = J .  The results obtained for grain-aligned HoBazCu306.z are given in 
table 2. Here, the extension to anisotropic magnetic coupling does not considerably improve 
our fit. We noticed that the CEF transition energy A and the magnetic coupling parameter 
J are exmmely correlated in the fitting procedure. It is therefore very hard to extract an 



4224 F Fauth et al 

accurate magnetic coupling parameter J without a precise knowledge of the CEF transition 
energy A. 
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Figure 6. Energy spectra of nentmns scattered f" grabaligned HoBa2Cu,@ at T = 1.5 K 
with scattering vector Q pYallel and perpendicular to the c aris (Q = 1.72 A-'). The 
measurements were performed with UY of the Uiple-axis speevometer W2 installed al the 
reactor Saphir at PSI with constant analyser energy 14.95 mev. The lines denote Gaussian 
fits to the observed CEF Wnsitions. T and L refer to the dominant transverse and longitudinal 
character of the CEF Wnsitions. The shaded area c m p a n d s  to the transition strength due to 
the misorientation of the sample. 

Recent measurements performed on Y ~ . ~ H ~ . I B ~ z C U ~ O ~ . ~ ~  under high-energy resolution 
conditions revealed a splitting of the lowest-lying rs doublet into two singlets [18]. The 
splitting turned out to be about 0.1 meV and was explained in [I81 as a result of the 
exchange interaction with the antiferromagnetically ordered subsystem of copper spins. In 
the present measurements we have not been able to resolve this splitting, 

4. Discussion 

In both the orthorhombic and tetragonal phases of grain- aligned HoBazCu30, we have 
obtained fitted parameters A and M. (or = x ,  y .  z) which are characteristic of the CEF 
interaction. The refined CEF transition energies A are found to be in good agreement 
with measurements performed on powders [ l l ,  121. Surprisingly, our fits always give non- 
vanishing CEp transition matrix elements M, for all three Cartesian components (Y = x ,  y .  z .  
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This is in contradiction to the symmetry relations derived from the CEF interaction which 
rquire all the CEF transitions to have either longitudinal or transverse symmetry. More 
specifically. for Q 11 c we should not observe excitations associated with longitudinal 
polarization which follows directly from the polarization factor in the cross-section formula 
(3). For example, the longitudinal CEF ground state transition r3 -+ i?l at 3.8 meV should 
be absent for Q 11 c, however, this transition is present, although considerably reduced 
in intensity compared to the results for Q l c  (figures 5 and 6). The same effect occurs 
for another longitudinal CEP ground state transition at around 8 meV (figure 6). Similar 
arguments hold for the transverse CEF excitations which for Q [[ c are expected to be twice 
as intense compared to Q l c ;  however, the experimental data displayed in figure 6 are 
clearly at variance with the CEF-only model. Similarly, the CEF interaction in H 0 B a ~ C u ~ 0 6 , ~  
predicts a purely transverse (ML # 0, MI = 0) CEF transition r3 + r, at A w 1.1 meV 
[12], in contradiction to the results of OUT fits (see table 2). 

-~ 
Collective magnetic excitations of H O ~ +  ions 

0- 
10 20 30 40 50 

Temperature [1(1 
Figure 7. Temperature dependence of the magnetic susceptibility x for pin-aligned 
HoBazCu~O~.z. The full and empty circles correspond lo lhe components xll and x1 parallel 
and perpendicular 10 the c axis. respectively. The lines are the result of calculations based on 
the C ~ F  interaction. 

There are several factors which may explain the abovementioned discrepancies. The 
finite 'mosaic spread' of our samples leads to an effective spread of the scattering vector 
Q which is therefore never ideally parallel or perpendicular to the c axis. This effect is 
proportional to sinZ (Y ((Y = 11' is the HWHM of the measured rocking curve, see figure 
I), and it amounts to a few per cent only. The unoriented fraction of OUT grain-aligned 
samples (which amounts to 15%. see section 2) also contributes to INS scattering but without 
distinction of the longiludinal or transverse character of CEF transitions. The scattering 
contributions due to both the finite mosaic spread and the unoriented fraction have been 
calculated based on the rocking curve displayed in figure 1 (lower part) and are shown 
as shaded areas in figure 6. These effects, however, are not strong enough to explain 
alone the observation of the longitudinal cm transitions for Q 11 c Parts of the observed 
discrepancies are most likely due to exchange effects which mix the CEF wave functions in 
such a way that the CEF transitions lose their distinct (longitudinal or transverse) character. 
This explanation has been used to interpret similar discrepancies in INS experiments on a 
perfect single crystal of F'rNis 1191. 

A similar situation is encountered in the magnetic susceptibility data obtained for our 
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grain-aligned sample HoBa2Cu306,Z with use of a SQUID magnetometer in an applied field 
of 500 Oe, which cannot be reproduced by the CEF model (see figure 7). The disagreement 
between measurement and CEF calculation is particularly pronounced for the longitudinal 
component xll at low temperature, where the magnetic susceptibility is essentially governed 
by the lowest-lying CEF states. 

5. Conclusions 

By means of neutron spectroscopic investigations on grain- aligned samples we have been 
able to separate the magnetic interaction into all its components as well as to prove 
the essentially two-dimensional nature of the magnetic coupling between the Ho3+ ions 
in HoBazCusO,. The Ho spins in HoBazCuaO? tum out to be ferromagnetically and 
antiferromagnetically coupled along the a and b axes, respectively. This is in agreement 
with the long-range magnetic ordering of the Ho spins observed at low temperature [6]. 
The magnetic coupling becomes weaker when the oxygen content is reduced. The coupling 
of the Ho spins is presumably dominated by nearest-neighbour superexchange interactions 
mediated by the same oxygen ions as bridges which also take place in the superconducting 
processes. 
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