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Abstract. Mössbauer spectroscopy is used to monitor the169Tm quadrupole interaction for the
superconductor TmBa2Cu4O8 as a function of temperature. Qualitative comparison with other
169Tm results supports earlier claims that the Tm3+ rank-2 crystal-field contribution lies between
that for TmBa2Cu3O7 and that for TmBa2Cu3O6. However, there is quantitative disagreement
with crystal-field parameters determined elsewhere for HoBa2Cu4O8.

1. Introduction

Considerable experimental effort has been directed at characterizing the crystal field (CF)
for the rare-earth site of the 1–2–3-type (RBa2Cu3O7−δ, R = rare earth) high-temperature
superconductors and in investigating how it is influenced by oxygen deficiency (0< δ < 1).
This is because the CF at the rare-earth ions is sensitive not only to the structural arrangement
of the oxygen nearest neighbours but also to their effective charges. The charges are
dependent on the degree of charge transfer which is, in turn, linked with the existence
of superconductivity in the Cu–O planes. More recently, crystal-field data for the related
1–2–4-type (RBa2Cu4O8) superconductors have become available.

As long as higher electronic terms of a trivalent rare-earth ion can be ignored, the CF
perturbation of the ground multiplet can be represented by a Hamiltonian of the form

HCF =
∑
n,m

Bmn O
m
n (J ) =

∑
n,m

Amn θnO
m
n (J ) (1)

whereJ is the total angular momentum quantum number,Bmn are CF parameters and the
θn are rare-earth-specific factors associated with the Stevens equivalent operators,Om

n (J ).
TheAmn are better suited to comparison of results for isostructural compounds of different
rare earths. The actual number of CF terms required depends on the local site symmetry.
For the orthorhombic TmBa2Cu3O7−δ and TmBa2Cu4O8 structures [1, 2], the rare-earth site
symmetry is orthorhombic D2h (mmm) with a CF Hamiltonian which can be expressed in
its simplest form as

HCF = B0
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With increasing oxygen depletion, the orthorhombic structure of RBa2Cu3O7 transforms
to the tetragonal structure of RBa2Cu3O6 [3] with tetragonal D4h (4/mmm) rare-earth site
symmetry and a CF Hamiltonian of the form

HCF = B0
2O

0
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4
6. (3)
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The 1–2–3 and 1–2–4 systems are members of a homologous series of compounds
with the general formula R2Ba4Cu6+nO14+n, with n = 0 andn = 2 respectively. In this
series the rare-earth layers are essentially unchanged. Furthermore, the process of oxygen
depletion of the 1–2–3 compounds involves oxygen sites that are not directly associated
with the rare-earth layer. From a local perspective, the rare-earth site is thus very similar
for all three compounds with the rare-earth ion surrounded by eight oxygens in the form
of a slightly distorted cube. For this reason, theAmn -parameters for the long-range rank-2
(n = 2) CF component are expected to vary most from compound to compound, while
those for the short-range rank-4 (n = 4) and rank-6 (n = 6) CF components are expected to
remain relatively constant. With increasing charge depletion of the 1–2–3 compounds, the
parametersA2

2, A2
4, A2

6 andA6
6 are expected to decrease monotonically to zero as required

by (3).

Table 1. A summary of crystal-field parameters,Amn = Bmn /θn (cm−1), reported elsewhere
in the literature for the techniques of M̈ossbauer effect spectroscopy (ME), inelastic neutron
scattering (INS), magnetic susceptibility (χ ) and nuclear magnetic resonance (NMR). Except
for 155Gd Mössbauer spectroscopy, for which the electric field gradients (parenthesized) have
been converted to crystal-field parameters for R= Tm, all of the parameters are for the R as
indicated.

Method A0
2 A2

2 A0
4 A2

4 A4
4 A0

6 A2
6 A4

6 A6
6

RBa2Cu3O7 (orthorhombic)

Gd ME [10] 128.8 70.8 (Vzz = −5.99× 1021 V m−2, η = 0.55)
Gd ME [11] 133.3 50.7 (Vzz = −6.2× 1021 V m−2, η = 0.38)
Ho INS [12] 167.0 72.6 −220.4 14.5 1017.3 28.1 −16.8 841.7 −11.8
Tm ME [13] 120.4 46.1 −187.6 12.4 866.0 23.9 −14.3 716.5 −10.1
Ho INS [14] 217.4 93.8 −238.4 −235.1 1098.2 29.5 −161.8 915.6 −14.0
Ho INS [5] 142.4 96.8 −274.2 29.0 1301.0 32.0 −20.2 939.6 −3.2

RBa2Cu3O6.65 (orthorhombic)

Ho INS [5] 112.9 50.0 −276.6 25.0 1330.0 30.5 −22.6 942.1 3.2

RBa2Cu3O6 (tetragonal)

Gd ME [11] 113.9 (Vzz = −5.3× 1021 V m−2, η = 0.03≈ 0)
Ho INS [15] 167.0 −230.1 1041.5 25.6 835.4
Ho INS [5] 56.5 −272.6 1356.6 29.7 942.1
Tm theory [16] 70.4 −252.6 1334.5 31.8 806.8

RBa2Cu4O8

Gd ME [17] 136.3 50.4 (Vzz = −6.34× 1021 V m−2, η = 0.37)
Ho INS [6] 174.2 43.6 −220.4 −4.8 1041.5 26.8 −24.9 835.4 −4.4
Ho INS [7] 199.6 50.8 −220.4 0.0 1065.7 26.9 −24.9 841.7 −6.2
Tm χ [8] 63.88 31.94 −182.8 12.35 839.9 21.58 −12.80 648.0 −9.06
Tm INS [9] 51.90 −79.85 −227.3 49.41 1408.1 21.58 2.88 805.7 −100.7
Tm NMR [4] 65 72 −230 32 1325 29 44 804 −2

An extensive range of measurement techniques has been applied to this problem:
inelastic neutron scattering (INS), nuclear magnetic resonance (NMR), DC susceptibility
(χ ), specific heat, M̈ossbauer effect (ME) and optical spectroscopy. Ishigakiet al [4]
recently provided a summary of experimentally determined CF parameters for both 1–2–3-
type and 1–2–4-type superconductors and an updated version of this summary is included
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in table 1. To facilitate comparison with the earlier summary of Ishigakiet al, the Amn
employed in this work have been defined in the same way and the same units of cm−1 have
been employed. Generally speaking, the higher-rank CF parameters behave as expected,
and the rank-2 parameters do vary from compound to compound. However, there is also
considerable variation for rank-2 parameters derived using different techniques, and for
rank-2 parameters derived by different research groups using the same technique. To some
extent this may be attributed to the need to fit a relatively large number of parameters to
the experimental data. If we focus on the Ho INS results of Staubet al [5], both rank-
2 parameters are found to diminish with oxygen depletion of the 1–2–3-type compounds.
According to the Ho INS results of Furrer [6] and Roessliet al [7], the rank-2 parameters for
the 1–2–4 compound are somewhat larger than those for HoBa2Cu3O7. However, according
to the magnetic susceptibility results of Nicholset al [8], the INS results of Santiniet al
[9] and the NMR results of Ishigakiet al [4], theA0

2-parameter for TmBa2Cu4O8 is closer
to that determined by Staubet al for HoBa2Cu3O6 [5].
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Figure 1. Representative169Tm Mössbauer spectra for TmBa2Cu4O8.

Until now, inelastic neutron scattering with R= Ho has been the only technique that has
provided CF data for the full range of 1–2–3 and 1–2–4 compounds. This paper provides
new 169Tm Mössbauer results for Tm 1–2–4 and an oxygen-depleted Tm 1–2–3 compounds
which combine with earlier results to form a similarly complete set of169Tm Mössbauer
measurements. The approach adopted will be to test the various sets of CF parameters
already published for Tm 1–2–4 against these new data and then, commencing with the
existing Ho INS parameters, to obtain CF fits for the full set of169Tm results.
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Figure 2. The temperature dependence of the electric quadrupole splitting,1EQ,
determined from169Tm Mössbauer spectra for TmBa2Cu3O7 (◦ [21], • [13]), oxygen-depleted
TmBa2Cu3O6.64 (H, this work), TmBa2Cu3O6 (� [13]) and TmBa2Cu4O8 (�, this work). The
fitted curves and associated crystal-field-level schemes for each system are discussed in the text.

2. Experimental details and results

The TmBa2Cu4O8 sample was made by pelletizing stoichiometric quantities of Tm2O3,
Ba(NO3)2 and fine-particle CuO, and heating to about 700◦C to ensure decomposition of
the Ba(NO3)2. The specimen was then subjected to repeated cycles of grinding, pelletizing
and reaction at 900–940◦C under oxygen pressures greater than 10 atm, with a final sinter
at 960 ◦C and 60 atm oxygen pressure. The sample was characterized by x-ray powder
diffraction and by electrical resistivity measurements which yielded a superconducting
transition temperature ofTc = 80 K.

The source used for the169Tm Mössbauer spectroscopy was a 20 mg, 13 mm diameter,
168Er0.15Al 0.85 foil activated by neutron irradiation. Absorbers were made by mixing
approximately 9 mg cm−2 of TmBa2Cu4O8 powder with CB4 as a filler. The absorbers
were cooled in a transmission geometry cryostat, the source being mounted externally on
a transducer with sinusoidal motion. The spectra were calibrated against a standard TmF3

absorber at 4.2 K. Spectra were taken over the temperature range of 4.2–300 K.
Representative169Tm Mössbauer spectra for the TmBa2Cu4O8 sample, together with fits,

are shown in figure 1. The spectra were fitted with a single quadrupole-split doublet, giving
the quadrupole splitting,1EQ, for each spectrum. As anticipated, there is no indication of
magnetic order down to 4.2 K. Other members of this isostructural series are observed to
order at temperatures typically less than 2 K [7, 17–19]. The temperature variation of the
quadrupole splitting,1EQ, is shown in figure 2 where it is compared with similar results
for TmBa2Cu3O7 and TmBa2Cu3O6. Also included are the results obtained in this work for
an oxygen-depleted TmBa2Cu3O7−δ sample prepared by reaction in air at ambient pressure.
The value ofδ = 0.34(1) was arrived at by comparison of the specimen’s measured lattice
parameters with those published in the literature for specimens of known oxygen depletion;
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the cell volume was within experimental error of that for a specimen reported on by Tarascon
et al [20].

The temperature dependence of the quadrupole splitting,1EQ, is a consequence of the
CF interaction acting at the thulium sites (as described in more detail in section 3). Its
form is therefore afingerprint which can be used for an initial qualitative comparison of
local electrostatic environments in different materials. It normally varies considerably from
specimen to specimen. However, from figure 2 it is seen to be of similar form for all of the
systems considered here. That is, in each case1EQ exhibits a broad maximum at about
100 K. This common feature is associated with the dominant short-range, higher-rank CF
terms that vary only marginally. The fact that the broad peak is centred on the temperature
region in which the superconducting transition occurs is coincidental and does not imply that
there is an interconnection. In support of this, it should be noted that TmBa2Cu3O6 is not a
high-temperature superconductor. From figure 2, the maximum value of1EQ is observed to
decrease with increasing oxygen depletion of the 1–2–3 system. This is associated with the
corresponding diminishment of the long-range, rank-2 CF parameters as referred to in the
introduction. Note that the curve for the nominally TmBa2Cu3O7 specimen of Gubbenset al
[21] coincides with the curve for TmBa2Cu3O6.64 measured in this work. Given that these
curves are clearly separated from the curve for the TmBa2Cu3O7 specimen of Bergoldet al
[13], the specimen employed by Gubbenset al was most probably depleted. The maximum
value for the TmBa2Cu4O8 curve lies approximately midway between the maximum values
for TmBa2Cu3O7 and TmBa2Cu3O6, which suggests that the rank-2 parameters should also
lie between the parameter values for these two compounds. This is more in keeping with the
conclusions of Ishigakiet al [4] than with the Ho INS results of Furrer [6] and Roessliet al
[7]. However, the high-temperature tail of the TmBa2Cu4O8 curve appears to flatten out
earlier than those for the curves of the 1–2–3-type compounds. Since the high-temperature
1EQ is influenced most by the rank-2 CF parameters, there would appear to be more than
just a simple scaling effect involved.

3. Crystal-field analysis

The quadrupole splitting,1EQ, determined from a169Tm Mössbauer spectrum is a measure
of the strength of the electric quadrupole interaction and is given by

1EQ = 1

2
eQVzz

(
1+ η

2

3

)1/2

(4)

whereη = (Vxx−Vyy)/(Vzz) is the asymmetry parameter,Vxx , Vyy andVzz are the principal
components of the electric field gradient (efg), andQ is the nuclear quadrupole moment of
the 8.4 keV,I = 3/2 nuclear level. The CF influences the efg in two ways. First it distorts
the 4f shell of the trivalent rare-earth ion resulting in a temperature-dependent efg which
depends on the full CF Hamiltonian. Secondly, apart from different shielding effects, the
lattice efg can act directly on the nucleus to give a constant contribution which depends only
on the rank-2 CF parameters. For the situation where the charge distribution responsible
for the CF does not overlap with the 4f shell, the expressions for the two efg contributions
are relatively straightforward [22, 23]. For tetragonal site symmetry,η = 0 and the total
Vzz-component is given by

Vzz = − θ2e

4πε0
〈r−3〉4f(1− RQ)F 0

2 〈O0
2(J )〉T −

4(1− γ∞)
e(1− σ2)〈r2〉4f

L0
2A

0
2 (5)
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where〈O0
2(J )〉 is a Boltzmann average of the Stevens operator over the thermally populated

CF levels,F 0
2 = L0

2 = 1, and all of the other symbols take their usual meanings. For
the case of orthorhombic site symmetry,η 6= 0 and an expression similar to (5) relates
Vxx − Vyy to 〈O2

2〉T and A2
2 with F 2

2 = 3 andL2
2 = 1. Because Gd3+ is an S-state

ion, there is no 4f contribution to the efg acting at its nucleus. Hence155Gd Mössbauer
spectroscopy plays an important role in estimating the constant lattice efg contribution for
a series of isostructural rare-earth compounds. Alternatively, via the second part of (5), the
measured lattice efg contribution can be used to provide estimates of rank-2 CF parameters
for isostructural compounds with rare-earth ions which are notS-state. For this purpose,
values of(1− γ∞)Gd3+ ' 60 [24] andQ(155Gd) = 1.3 b [25] are assumed here.
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Figure 3. The temperature dependence of1EQ for TmBa2Cu4O8 with theory curves fitted by
varying only the rank-2 crystal-field parametersA0

2 andA2
2 as described in the text.

In what follows, the three sets of CF parameters published for TmBa2Cu4O8 [8, 9, 4]
plus the most recent set of INS-determined parameters for HoBa2Cu4O8 (i.e. the last four
rows of table 1) are adopted as starting parameters for theoretical fits to the present169Tm
1EQ data for TmBa2Cu4O8. At first glance, the Tm INS CF parameter set seems to be
exceptional in that it provides a negativeA2

2-value. However, the positive sign ofA2
2 can be

restored by a coordinate frame rotation through 90◦ about thec-axis. Although this would
simultaneously reverse the signs ofA2

4, A2
6 andA6

6, these parameters are associated with
the slight orthorhombic site distortion and are usually determined with large experimental
uncertainties [5, 7]. Theoretical calculations with these parameters reversed in sign verified
that they were of little consequence for1EQ at the169Tm nucleus. In the case of the Ho
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INS CF parameters, they were converted for R= Tm via the ideal relationship

Amn (Tm3+) = Amn (Ho3+)
[(1− σn)〈rn〉4f]Tm3+

[(1− σn)〈rn〉4f]Ho3+
. (6)

For each of these four sets, the higher-rank CF parameters were fixed at their respective
literature values and only the rank-2 CF parameters were varied to obtain best fits to the
experimental1EQ data using five different approaches.

(a) A0
2 varied with the ratioA2

2/A
0
2 fixed at the literature value.

(b)A0
2 varied with the ratioA2

2/A
0
2 fixed to that determined by155Gd Mössbauer spectro-

scopy for GdBa2Cu4O8 [17].
(c) A0

2 varied with the ratioA2
2/A

0
2 fixed at the literature value; lattice efg contributions

set independently at values determined for GdBa2Cu4O8 by 155Gd Mössbauer spectroscopy.
(d) A0

2 andA2
2 varied.

(e) A0
2 andA2

2 varied; lattice efg contributions set independently at values determined
for GdBa2Cu4O8 by 155Gd Mössbauer spectroscopy.

The theoretical1EQ calculations employed shielding parameters based on the
recommended value ofρ1 = Q(1− RQ)〈r−3〉4f = −15.2 b au−3 and the theoretical value
of ρ2 = Q(1− γ∞)/[(1−σ2)〈r2〉4f] = −381 b au−2 [26]. The theoretical curves are shown
in figure 3 (labelled (a) to (e) according to the above approaches) and the fitted rank-2
parameters are presented in table 2 where they are compared with the original literature
values. Overall, the closest fits with the most reasonable rank-2 parameters are achieved
with approach (d) for the higher-rank parameters from Tm susceptibility, Tm NMR and Ho
INS. These fits require theA2

2-value to be larger thanA0
2 which is contrary to the original

Ho INS result.

Table 2. Rank-2 crystal-field parameters (cm−1) obtained from the fits to the temperature
dependence of the quadrupole splitting,1EQ, of TmBa2Cu4O8. Each set of fits corresponds
to the equivalent set of curves shown in figure 3. The Ho-based crystal-field parameters were
converted to values appropriate to Tm using (6).

Susceptibility NMR Tm INS Ho INS

A0
2 A2

2 A0
2 A2

2 A0
2 A2

2 A0
2 A2

2

Literature 63.9 31.9 65.0 72.0 51.9 79.8 197.7 50.3
(a) 74.0 37.0 31.3 34.7 1.3 2.0 67.5 17.2
(b) 73.9 27.3 31.4 25.5 0.8 0.3 67.5 25.0
(c) 96.6 48.3 73.8 81.7 51.1 78.8 92.7 23.6
(d) 65.2 142.2 22.7 145.8 −3.8 90.0 60.2 138.3
(e) 82.6 121.7 55.4 298.8 32.2 283.2 78.9 126.6

Given the availability of CF parameter sets derived using Ho INS for the full 1–2–
3-type compound series, and given the previous success of Bergoldet al [13] with their
TmBa2Cu3O7 results, it was decided to fit all169Tm Mössbauer data for the 1–2–3-type
compounds using approach (d) and starting with converted Ho INS parameters. The theory
curves generated in this way are shown in figure 2, together with their corresponding
CF schemes for the3H6 ground state of the Tm3+ ion. The fitted rank-2 parameters are
summarized in table 3.

The theory curves closely reflect the overall form of the experimental data. However, the
fitted1EQ values are slightly undervalued in the lower-temperature region ofT 6 50 K as
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Table 3. A summary of rank-2 crystal-field parameters obtained from theory fits to experimental
1EQ(

169Tm) data using approach (d) and starting with converted Ho INS parameters, which
are included in parentheses. Refer to the text for details.

TmBa2Cu3O7−δ

δ = 0 δ = 0.34 δ = 1 TmBa2Cu4O8

A0
2 (cm−1) 128.9 95.4 39.3 60.2

(141.0) (111.8) (55.9) (197.6)

A2
2 (cm−1) 87.7 42.2 0.0 138.3

(95.8) (49.5) (0.0) (50.3)
169Tm data [13] This work [13] This work

Ho INS data [5] [5] [5] [7]

well as in the high-temperature tail for TmBa2Cu3O6. The latter is probably a consequence
of the larger uncertainty in the TmBa2Cu3O6 data due to the poorer resolution of the
quadrupole-split doublet spectrum. For the 1–2–3-type compounds, the starting values
of both A0

2 andA2
2 converted from Ho INS needed to be reduced by approximately the

same amount (consistent with approach (a), and consistent with the earlier analysis of
TmBa2Cu3O7 [13]), and this amount increased with oxygen depletion. This is quite different
to the fit for TmBa2Cu4O8 which required the converted Ho INS starting value ofA0

2 to be
decreased but the value ofA2

2 to be increased.

4. Discussion

The disparity between the169Tm data and the Ho INS CF parameters observed in this work
suggests that the rank-2 component of the CF differs across the heavy rare-earth series, that
this difference becomes more significant with increased oxygen depletion of the 1–2–3-type
compounds, and that it is most significant for the 1–2–4-type compounds. In this regard, the
CF parameters derived for TmBa2Cu4O8 using Tm INS [9] also differ from those converted
from Ho INS and imply a reducedA0

2 with A2
2 slightly larger thanA0

2, which is in the
direction of the fit to the169Tm data. However, CF parameters for isostructural compounds
of different heavy rare earths are usually more consistent and Ho and Tm are next-nearest
neighbours in the lanthanide series. Experience tells us that CF parameter conversions
should be more reliable in these circumstances.

An alternative explanation might be sought in the nature of the INS and169Tm
Mössbauer techniques themselves. INS is a direct spectroscopic method which determines
the CF levels at a single temperature. Nonetheless, the variation in CF parameters using this
technique (table 1) suggest that the interpretation of such data is not trivial. By comparison,
169Tm Mössbauer spectroscopy provides the temperature dependence of the quadrupole
splitting,1EQ, over a wide temperature range, which is then analysed in terms of a single
set of CF parameters. It is possible, therefore, that the discrepancy may be associated with
a CF parameter variation arising out of a temperature dependence of the lattice parameters.
However, literature lattice parameters show only a small change (less than 1% over 4.2 K
to 300 K) with temperature and, for example, this change is no larger for oxygen-depleted
YBa2Cu3O7−δ and YBa2Cu4O8 than for YBa2Cu3O7 [27–29].

Another possible explanation is associated with the dual role of the CF interaction with
respect to the efg induced at the169Tm nucleus. Overlap of the lattice charge distribution
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and the 4f shell can result in different effective CF parameters being required for the CF
splitting of the 4f shell and for the direct lattice efg contribution, as was first demonstrated
theoretically by Coehoorn for rare-earth intermetallics [30]. This was the rationale behind
fit approaches (c) and (e). However, these approaches did not offer significantly improved
theory fits. Finally, the operator-equivalent formalism of (1) assumes that higher electronic
multiplets can be ignored. For guidance, it is useful to compare the more recent Ho INS
work of Staubet al [5], which employed intermediate coupling andJ -mixing, with the
earlier Ho INS work of Furreret al [12] and Allenspachet al [15], which assumed a single
multiplet. However, this suggests that the single-multiplet169Tm analysis would lead to
CF parameters which were too large rather than too small. Furthermore, the calculations
reported here using as-converted Ho INS parameters indicate that the overall CF splitting
of the Tm3+ ground term decreases marginally with depletion and is smallest for 1–2–4,
implying reduced multiplet overlap. On the basis of these considerations, we are led to
conclude that the discrepancies between rank-2 CF parameters determined for HoBa2Cu4O8

and TmBa2Cu4O8 are genuine.

5. Conclusions

New Mössbauer spectroscopy measurements of the temperature-dependent169Tm
quadrupole splitting for TmBa2Cu4O8 and an oxygen-depleted TmBa2Cu3O6.64 specimen
complement earlier measurements for TmBa2Cu3O7 and TmBa2Cu3O6. The collected data
curves reveal a smooth decrease in maximum1EQ with oxygen depletion of the 1–2–3-
type compounds, with the TmBa2Cu4O8 value located approximately midway between the
TmBa2Cu3O7 and TmBa2Cu3O6 extremes. These observations support the conclusions of
Ishigaki et al [4]. A systematic comparison with CF parameters derived from Ho INS
investigations indicates a disparity between the rank-2 CF parameters of Tm- and Ho-based
compounds. This disparity increases with oxygen depletion of the 1–2–3 compounds and
is maximum for the 1–2–4-type compound.
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