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Abstract. Mdssbauer spectroscopy is used to monitor#8&m quadrupole interaction for the
superconductor TmB&wOg as a function of temperature. Qualitative comparison with other
169Tm results supports earlier claims that the3frmank-2 crystal-field contribution lies between
that for TmBaCuzO7 and that for TmBaCu;Os. However, there is quantitative disagreement
with crystal-field parameters determined elsewhere for HGBEOg.

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 (RB&O;_s, R = rare earth) high-temperature
superconductors and in investigating how it is influenced by oxygen deficieneys(&: 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 (RBgCu,0Og) 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

Her=Y By Oy (J)=)Y Ar6,00(J) )
where J is the total angular momentum quantum numt®f, are CF parameters and the

0, are rare-earth-specific factors associated with the Stevens equivalent opepgtars,

The A’ 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 TmB&u;O;_s and TmBaCuw,Og structures [1, 2], the rare-earth site
symmetry is orthorhombic £ (mmm) with a CF Hamiltonian which can be expressed in

its simplest form as

Her = B0 + B20Z + B0 + B202 + B0 + BSOQ + B20Z + BgOg + BEOS.  (2)

With increasing oxygen depletion, the orthorhombic structure of RBgO; transforms
to the tetragonal structure of RB2u;Og [3] with tetragonal Dy, (4/mmm) rare-earth site
symmetry and a CF Hamiltonian of the form

Hor = BYOS + BJOS + B4O4 + B0 + BEOZ. ®)
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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 Ba;Cus,,,O141,, With n = 0 andrn = 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, th&-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) and rank-6 = 6) CF components are expected to
remain relatively constant. With increasing charge depletion of the 1-2—3 compounds, the
parametersi3, A2, A2 and AS are expected to decrease monotonically to zero as required
by (3).

Table 1. A summary of crystal-field parameterd” = B /6, (cm™t), reported elsewhere

in the literature for the techniques of @dsbauer effect spectroscopy (ME), inelastic neutron
scattering (INS), magnetic susceptibility )(and nuclear magnetic resonance (NMR). Except
for 195Gd Mbossbauer spectroscopy, for which the electric field gradients (parenthesized) have
been converted to crystal-field parameters foe=R'm, all of the parameters are for the R as
indicated.

Method AS A2 A9 A? A% A2 AZ Ag A8
RB&Cuz0O7 (orthorhombic)

Gd ME [10] 1288 708 (Vo; = —=5.99x 1071 Vm~2, = 0.55)
Gd ME [11] 1333 507 (Vo = —6.2x 1021 Vm=2, 5 = 0.38)
Ho INS [12] 167.0 7% —2204 145 1017.3 281 168 841.7 -118
Tm ME [13] 120.4 461 —1876 124 866.0 239 —143 7165 -101
Ho INS [14] 217.4 98 2384 -2351 1098.2 295 -1618 915.6 —14.0
Ho INS [5] 142.4 968 —2742 290 1301.0 32.0 -202 939.6 —3.2

RB&Cuz0g 65 (orthorhombic)

Ho INS [5] 112.9 500 -2766 250 1330.0 305 -—-226 942.1 R
RB&CuzOs (tetragonal)

Gd ME [11] 1139 (Vo; = =53 x 1071 Vm—2, 7 = 0.03~ 0)

Ho INS [15] 167.0 —2301 10415 25.6 835.4

Ho INS [5] 56.5 —2726 1356.6  29.7 942.1

Tm theory [16] 70.4 —2526 13345 318 806.8
RB&CuOg

Gd ME [17] 1363 504 (Vo; = —6.34x 1071 Vm=2, 5 = 0.37)

Ho INS [6] 174.2 4% 2204 48 10415 26.8 —249 8354 —4.4
Ho INS [7] 199.6 508 —2204 0.0 1065.7 269 —249 8417 —6.2
Tm x [8] 63.88 3194 —1828 1235 839.9 2158 —1280 648.0 —9.06
Tm INS [9] 51.90 —79.85 —227.3 4941  1408.1 2158 88 8057 —1007
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
(x), specific heat, Mssbauer effect (ME) and optical spectroscopy. Ishiggkal [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 Ishigstkal, the A”
employed in this work have been defined in the same way and the same units'ofave

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 Sttudl [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 Roesslal [7], the rank-2 parameters for

the 1-2—4 compound are somewhat larger than those for }aB&;. However, according

to the magnetic susceptibility results of Nichasal [8], the INS results of Santinét al

[9] and the NMR results of Ishigalét al [4], the A-parameter for TmB&CwOs is closer

to that determined by Staudt al for HoBaCusOg [5].
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Figure 1. Representativé®Tm Mossbauer spectra for TmBawOg.

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 189Tm Mossbauer 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®Tm Mossbauer
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®8Tm results.
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Figure 2. The temperature dependence of the electric quadrupole splittig,,
determined fromt®°Tm Mossbauer spectra for TmBausO7 (o [21], e [13]), oxygen-depleted
TmB&CuzOg 64 (V, this work), TmBaCuzOg (O [13]) and TmBaCuwOs (#, 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 TmBaCuw,Og sample was made by pelletizing stoichiometric quantities obQm
Ba(NG;), and fine-particle CuO, and heating to about 7@0to ensure decomposition of

the Ba(NQ),. The specimen was then subjected to repeated cycles of grinding, pelletizing
and reaction at 900-94@ 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 df. = 80 K.

The source used for th€°Tm Mossbauer spectroscopy was a 20 mg, 13 mm diameter,
1681, 15Al g g5 foil activated by neutron irradiation. Absorbers were made by mixing
approximately 9 mg cm? of TmBaCwOg powder with CB 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 TmF
absorber at 4.2 K. Spectra were taken over the temperature range of 4.2—-300 K.

Representative®®Tm Mossbauer spectra for the Tmfay,Og sample, together with fits,
are shown in figure 1. The spectra were fitted with a single quadrupole-split doublet, giving
the quadrupole splittingA E, 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 lessth2 K [7, 17-19]. The temperature variation of the
quadrupole splittingAE, is shown in figure 2 where it is compared with similar results
for TmMBaCuwO; and TmBaCuwsOg. Also included are the results obtained in this work for
an oxygen-depleted TmB@u;O;_s sample prepared by reaction in air at ambient pressure.
The value ofs = 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 splittirigy,, is a consequence of the
CF interaction acting at the thulium sites (as described in more detail in section 3). Its
form is therefore dingerprint 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 eagg 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 J81B&s is not a
high-temperature superconductor. From figure 2, the maximum valiégfis 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 TmBa;O; specimen of Gubberet al
[21] coincides with the curve for TmB&u;Og 64 measured in this work. Given that these
curves are clearly separated from the curve for the Tfs8BgO; specimen of Bergolet al
[13], the specimen employed by Gubbetsal was most probably depleted. The maximum
value for the TmBaCw,Og curve lies approximately midway between the maximum values
for TmB&,Cu;O; and TmBaCuOg, 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 Ishigaket al [4] than with the Ho INS results of Furrer [6] and Roeslial
[7]. However, the high-temperature tail of the TmBayOg curve appears to flatten out
earlier than those for the curves of the 1-2—-3-type compounds. Since the high-temperature
AE, 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 splittingh E o, determined from d°°Tm Mossbauer spectrum is a measure
of the strength of the electric quadrupole interaction and is given by

1 ’72 1/2
AEgp = ZeQVZ<1+ 3) (4)
wheren = (Vi — Vyy)/ (V) is the asymmetry parametér,,, V,, andV,, are the principal
components of the electric field gradient (efg), aids 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 symmeiry; O and the total
V,.-component is given by

o 41 — ¥
Ve = =22 (173 4(1 — Ro) FQ(O3())) 1 — ngfxg

®)

4 eg
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where(OS(J)) is a Boltzmann average of the Stevens operator over the thermally populated
CF levels, F) = LY = 1, and all of the other symbols take their usual meanings. For
the case of orthorhombic site symmetry,# 0 and an expression similar to (5) relates

Vix — Vyy t0 (02)7 and A3 with F2 = 3 and L3 = 1. Because Gt is an S-state

ion, there is no 4f contribution to the efg acting at its nucleus. Héefu@dd Mossbauer
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 $istate. For this purpose,
values of(1 — yuo)ge+ = 60 [24] andQ(*>°Gd) = 1.3 b [25] are assumed here.

T T
— Tmsus (a)

Q

AE_[mm/s]

10 -

0 1 1 1 1 1 1
0 100 200 300 400 500 600 700

T[K]

Figure 3. The temperature dependence/k for TmBaCwOg with theory curves fitted by
varying only the rank-2 crystal-field parameteﬂfg and Ag as described in the text.

In what follows, the three sets of CF parameters published for HRA&®s [8, 9, 4]
plus the most recent set of INS-determined parameters for Hoalg®s (i.e. the last four
rows of table 1) are adopted as starting parameters for theoretical fits to the pféSemt
AE, data for TmBaCwOg. At first glance, the Tm INS CF parameter set seems to be
exceptional in that it provides a negativg-value. However, the positive sign @ can be
restored by a coordinate frame rotation through 8Bout thec-axis. Although this would
simultaneously reverse the signs 4f, A2 and Ag, 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 farE, at the®®Tm nucleus. In the case of the Ho
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INS CF parameters, they were converted foe=R'm via the ideal relationship
[ = o) (r")atl i+

- ™™ . (6)
[(1 —o){r >4f] Ho®*

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

experimentalAE, data using five different approaches.

A7 (Tm*h) = A (Ho®")

(a) A9 varied with the ratioA3/AS fixed at the literature value.

(b) A3 varied with the ratiod3/ A9 fixed to that determined by?>Gd Mossbauer spectro-
scopy for GdBaCu,Og [17].

(c) A9 varied with the ratiod2/ A9 fixed at the literature value; lattice efg contributions
set independently at values determined for GaBaOg by °°Gd Mossbauer spectroscopy.

(d) A9 and A3 varied.

(e) Ag and A§ varied; lattice efg contributions set independently at values determined
for GdBaCw,Og by 1°°Gd Mossbauer spectroscopy.

The theoretical AE, calculations employed shielding parameters based on the
recommended value gf; = Q(1 — RQ)(r_3)4f = —152 b au® and the theoretical value
of p2 = O(1— ¥so)/[(1— 02)(r?)4s] = —381 b au? [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 tha2-value to be larger thad3 which is contrary to the original
Ho INS result.

Table 2. Rank-2 crystal-field parameters (ch) obtained from the fits to the temperature
dependence of the quadrupole splittimgEy, of TmMB&CwOg. 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

A3 A5 Ay A8 Ap AR AY A
Literature  63.9 319 65.0 72.0 51.9 79.8 197.7 50.3
(@) 74.0 37.0 313 34.7 1.3 2.0 67.5 17.2
(b) 73.9 273 314 25.5 0.8 0.3 67.5 25.0
(c) 96.6 483 738 81.7 51.1 78.8 92.7 23.6
(d) 65.2 1422 227 1458 -38 90.0 60.2 138.3
(e) 82.6 121.7 554 2988 322 2832 789 126.6

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 Beggald[13] with their
TmBa&CuwO; results, it was decided to fit alf®Tm Mossbauer 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 théHg ground state of the Tt 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
fitted AE, values are slightly undervalued in the lower-temperature regidh €f50 K as
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Table 3. A summary of rank-2 crystal-field parameters obtained from theory fits to experimental
AEQ(169Tm) data using approach (d) and starting with converted Ho INS parameters, which
are included in parentheses. Refer to the text for details.

TmB&aCuzO7_s

§=0 § =0.34 §=1 TmBa2CuyOg

AQ(eml) 1289 954 39.3 602
(141.0) (111.8) (55.9) (197.6)
A% (cmh) 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 TmR2u305. The latter is probably a consequence

of the larger uncertainty in the TmB@uOg data due to the poorer resolution of the
qguadrupole-split doublet spectrum. For the 1-2-3-type compounds, the starting values
of both A9 and A3 converted from Ho INS needed to be reduced by approximately the
same amount (consistent with approach (a), and consistent with the earlier analysis of
TmB&Cus0y7 [13]), and this amount increased with oxygen depletion. This is quite different
to the fit for TmMBaCu,Og which required the converted Ho INS starting valueékﬁfto be
decreased but the value g to be increased.

4. Discussion

The disparity between th€°Tm 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 TmBaw;Og using Tm INS [9] also differ from those converted

from Ho INS and imply a reducedg with A3 slightly larger thanA9, which is in the
direction of the fit to thé®*Tm 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 {AEim
Mossbauer 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 Mossbauer spectroscopy provides the temperature dependence of the quadrupole
splitting, AE, 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
YBa,Cuz07_5 and YBaCusOg than for YBaCusO; [27-29].

Another possible explanation is associated with the dual role of the CF interaction with
respect to the efg induced at th&Tm 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 andmixing, with the
earlier Ho INS work of Furreet al [12] and Allenspactet al [15], which assumed a single
multiplet. However, this suggests that the single-multigf8Tm 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 Tn?t 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 feCHidBa

and TmBaCuw,Og are genuine.

5. Conclusions

New Mossbauer spectroscopy measurements of the temperature-depefieiemt
quadrupole splitting for TmB&Lw,Og and an oxygen-depleted TmRausOg64 Specimen
complement earlier measurements for TpBa;O; and TmBaCu;Og. The collected data
curves reveal a smooth decrease in maximtiii, with oxygen depletion of the 1-2-3-

type compounds, with the TmB@u,Og value located approximately midway between the
TmB&Cuw0O; and TmBaCuwOg 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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