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A. V. Nikolaeva, P. P. Seregin, A. B. Jarkoi

USING THE Y"Fe*" MOSSBAUER PROBE TO DETERMINE
THE EFG TENSOR PARAMETERS IN THE COOPER SITES
TO THE LATTICES OF CuO And La,_Sr,CuQy

Méssbauer emission spectroscopy of the >’ Co(*""Fe) isotope has shown
that the impurity iron atoms appearing at the CuO-lattice cation sites after the
decay of °’Co’" are donors and can become stabilized in two charge states,
MEST and “"Fe’. A satisfactory agreement between the calculated and ex-
perimental values of the quadrupole splitting in Mdéssbauer spectra has been
obtained for the *""Fe’" centers. This permits one to consider the results ob-
tained in the *’Co(*""Fe) Mossbauer emission spectroscopy study of cuprates
as reliable experimental data on the lattice electric-field gradient ( lattice
EFG) tensor parameters at copper sites. The parameters of the lattice EFG
tensor at the copper sites in the La,,Sr.CuQy lattice (the main component of
the EFG tensor V., and the asymmetry parameter) were determined experi-
mentally by emission Mossbauer spectroscopy with > Co(’’Fe) isotopes. A
comparison of the experimental and calculated dependences of V., on x shows
that the holes arising from the substitution of La’" by Sr*" are localized
mainly at the oxygen sites in the Cu-O; plane.

Keywords: Mossbauer emission spectroscopy, electric field gradient
tensor.
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A. B. Hukonaesa, I1. I1. Cepezun, A. b. Kapkoii

UCIOJIb30OBAHUE MECCBAY POBCKOI'O 30H/IA *""Fe**
JIJIS1 OTIPEJIEJIEHUMSI TIAPAMETPOB TEH30PA I'DI1
B Y3JIAX MEJIM PELIETOK CuO M La,.Sr,CuO;

Memoodom amuccuonuol meccoaysIposcKoll CNeKMpOCKONUY HA U30Mone 57C0(57m Fe)
NOKA3AHO, YMO NpUMecHble amombl Jcenesa, obpasyiowuecs nocie pacnada > Co’" 6 ka-
muonnwix yznax pewemku CuQ, 26110mMcsi OOHOPAMU U MO2YM CMAOUTUSUPOBATNBCSL 6
06yx 3apsdoswix cocmosnusix 2 "Fe' T u 2™ Fe’t. Jlna yenmpos *"Fe’" nonyueno yoos-
1eMBOPUMENbHOE COSNACUE PACUETNHBIX U IKCNEPUMEHMATbHBIX BETUYUH KEAOPYNObHO20
pacwennenus meccoay’aposckux cnekmpos. Ilocneonee obcmosmenbcmeo no3eoasiem
paccmampuéams 0aHHbIE NO UCCAE008AHUI) MEMALIOKCUO08 MeOU MEMOOOM IMUCCUOH-
HOll Meccbayaposckoii cnekmpockonuu Ha usomone > Co*’™ Fe) & kauecmee HaQexCHbIX
Pe3yIbmamos no IKCHePUMEHMAIbHOMY ONpeOeneHul0 napamempos meH3opa Kpucmai-
auyeckoeo I'DI1 6 yznax meou. Iapamempor menzopa kpucmannuvecxkozo I II1 ¢ yznax
meou 6 pewemie La;—SriCuQy (enasuas xomnonenma mewnsopa 1911 V., u napamemp
acummempuu) ObLIU IKCHEPUMEHMATLHO ONPEOeieHbl MemoOOM IMUCCUOHHOU MeccOay-
9IPOBCKOU CNEKMPOCKONUU HA UZ0MONAX 57C0(57m Fe). Cpasnenue sxcnepumeHmanbhuix u
paccuumanHuix 3asucumocmeii V,.(x) noxazano, umo OvbipKu, 8O3HUKArOWUe Npu 3ameuje-
nuu La™* na SV, JIOKAUZYIOMCI NPeUMYuecmseerto 6 y3nax kuciopooa 6 Cu-0; niocko-
cmu.

KunroueBble ciioBa: 3MUCCHOHHAS MeccOaydpOBCKasi CIIEKTPOCKOMUS, TEH30p rpa-
JIMEHTA IEKTPHYESCKOTO OIS,

1. Introduction

The Mossbauer spectroscopy is widely used for investigations of high-temperature super-
conductors (HTSC) [6; 8]. Because copper does not have Mdossbauer isotopes, Mdssbauer spec-
troscopy of °’Fe impurity atoms is extensively used in investigations of the copper sublattices; it is
assumed that the *’Fe probe stabilizes at the copper sites of the HTSC sublattices, so that, by com-
paring the measured with calculated quadrupole splittings in Mdssbauer spectra, one can draw
conclusions on the nature of the local copper-atom environment [2].

The quadrupole splitting can be calculated reliably only for the Fe** probe having a spheri-
cally symmetric 3d° outer electronic shell, where the electric-field gradient (EFG) at the iron nu-
clei is generated primarily by lattice ions (the crystal-field EFG). However stabilization of Fe® at
the sites of divalent copper Cu*" (which is the most probable copper state in most HTSCs)
should give rise to the formation of centers compensating the difference in charge between the
substituting and replaced atoms. The compensating centers can be located near the impurity
probe and in this way affect the EFG in a non-obvious way. The validity of the above considera-
tions was buttressed by study of the state of °'Fe impurity atoms in CuO made by Mdssbauer ab-
sorption spectroscopy [8]; the Fe*™ impurity atoms were found to substitute for Cu®" ions in the
CuO lattice to form associations of the type [Fe**-V-Fe*'] (V is the cation vacancy), and calcula-
tion of the EFG tensor parameters at > Fe nuclei in such associations turns out to be a difficult
problem because of the creation of additional sources of EFG which change appreciably the total
EFG.

As will be shown later, however, these problems can be eliminated by using the emission
version of Mdssbauer spectroscopy [1; 3—5; 7]. We have carried out a comparison of experimental
and theoretical quadrupole splittings in °’Co(*""Fe) Mossbauer emission spectra of >”"Fe’” impu-
rity ions in copper sites for the CuO and La, «SryCuOy lattices.
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2. Experimentals and Results

2.1. Samples and spectroscopy

Copper oxide was obtained by precipitating copper hydroxide from a CuSO, water solution
with an alkali, with subsequent annealing of the sediment in an oxygen ambient. Cobalt in the
form of ’CoSO4 was added to a water solution of blue vitriol, with the cobalt concentration in
CuO not exceeding 10”cm ™. The experiments were made with samples of LagforXCqu;:5 "Co (x
= 0.1, 0.2, 0.3, the cobalt concentration ~ 10" cm_3) synthesized by a conventional ceramic
technology. The reference samples were monophase with a K,NiF, structure and had 7, of 25, 37
and 27 K for x = 0,1, 0.15 and 0.2 respectively and < 4.2 K for x = 0.3. The emission Mossbauer
spectra have been recorded using CuO:’’Co and La,_Sr,CuOs:’Co sources and
K4Fe(CN)s.3H,0O absorber with a surface density of 0.1 mg cm 2 of >’'Fe. Isomer shifts IS are
given relative to a-Fe.

The Mdssbauer spectra were measured on a CM-2201 spectrometer at temperatures varied
from 295 to 5 K. The absorber was K4Fe(CN)¢.3H,O with a *>'Fe surface density of 0.1 mg/cm?.

The lattice EFG tensors at the CuO and La, Sr,CuQy sites were calculated according to
the point charge model. In the general case the measured quadrupole interaction constant C is a
sum of two terms

eQU.. = eQ(1 = y)V: + eQ(1 - R)W-., (1)
where V.. and W.. are the principal components of the tensors of the crystal and valence electric
field gradients, and y and R are the Sternheimer coefficients of the probe atom.

The contribution of the valence electrons to the total electric field gradient tensor can be
neglected for the probe *""Fe’*. Therefore

eQU.. = eQ(1 —y)V . (2)

Thus, the experimental data obtained on the parameters of the electric field gradient tensor
using the >"Fe’™ probe can be correlated with calculations of these parameters based on an ionic
model of the crystal lattice (point charge model).

We calculated the tensors of the crystal electric field gradient at the copper sites of the CuO
and Lay,SrCuQy lattices based on the point-charge model. In so doing, following the X-ray crystal-
lographic data [8], the lattices were represented as a superposition of the following sublattices:
Cu,0; and [Lay Sty ][Cu][O(1)]2[O(2) ]

The components of crystal EFG tensor were calculated using the equations:

i~ 13 p,f ; o~ 30,4, .

Vpp = ZekZT[ 2 _1] = Zekapk’ Vﬁq = Zekz 5 = ZekGﬁqk’ (3)
k i h k k i Ve k

where £ is the sublattice number, i is the site number within the sublattice, p and ¢ are the Cartesian

coordinates, eZ is the atomic charges in the & sublattice, ry; is the distance of a site with the k and i

indices from the reference point.
The lattice sums G, and G,, were calculated numerically. The summation was carried
out within spheres of 30 A radius.

2.2. Cu0:"Co

If the copper hydroxide was annealed within the 830-920°C interval (the anneal time was 2
h), the Méssbauer spectra of CuO:*’Co samples taken at 295 K were a superposition of two quad-
rupole doublets (fig. 1) with isomer shifts corresponding to the ions *""Fe’" (spectrum ) and
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57mF62+

(spectrum 2), with the fraction of the

’mEe** jons being 0.79 (0.02) for the anneal tempera-

ture of 920°C, and 0.19 (0.02) for 830°C. The parameters of spectra / and 2 are listed in table I.
A decrease of the spectrum measurement temperature below the Neel point is accompanied by a
broadening of the spectra, with a gradual onset of the allowed hyperfine structure (spectrum 3 in
fig. 2). It is significant that, even for a sample containing Fe*" and Fe*" in a ratio —1:1, the spec-
trum taken at 5 K was a magnetic sextet corresponding to one iron-atom state only (fig. 2). The
characteristics of this spectrum are given in table I. The magnitude of the isomer shift and mag-
netic field at the nucleus are typical of divalent iron.

Omunocumensvnan CKopocmb ciemd

-3

-2

-1

0

1

Cropocmo, mm/c

3

Fig. 1. Méssbauer emission spectra of CuO:*'Co measured at 295 K samples annealed at 920 °C and 860 °C.
The experimental spectra are unfolded into quadrupole doublets, and the positions of these doublets

corresponding to (1) STmpe’t and 2) STmpe?* centers are shown

Parameters of the Mossbauer emission spectra of

57Tm

Fe impurity atoms in CuO

Type of spectrum | 7,K | Ion Amm/s | IS, mm/s | G,mm/s | B, T
1 295 | Fe’ 2.50(2) | =0.25(1) |0.40(2)
2 295 | Fe* 1.52(2) | —0.80(1) | 0.42(2)
3 80 Fe™ 1.30(4) | -0,81(2) | 0.45(3) 25.5(2)

Table I

Note. A — Quadrupole splitting, IS — isomer shift, G — spectral linewidth, B —magnetic-field induc-

57m

tion at the *"™Fe’*" nuclei.
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Fig. 2. Mssbauer emission spectra of CuO:>'Co measured at 295 K and 5 K for a sample annealed at 870 °C
(the ratio of the areas bounded by spectra 1 and 2 at 295 K —0.4:0.6). The 295 K spectrum is deconvolved into
two quadrupole doublets, and the positions of these doublets corresponding to (1) >"™Fe’* and (2) *"™Fe*" centers
are shown. (3) The position of the components of the Zeeman sextet corresponding to the >"™Fe”" centers at 5 K

The presence of a correlation between the transition of CuO to the antiferromagnetic state
and the creation of magnetic fields at the >""Fe nuclei permits a conclusion that the impurity co-
balt atoms enter copper sites in the CuO lattice, and that the daughter >""Fe iron atoms produced in
the cobalt radioactive decay may reside in different charge states, at least at room temperature.

The chemical properties of cobalt and the conditions of sample preparation used suggest
that cobalt impurity atoms should form Co®" isovalent substitutional centers in the CuO lattice, so
that the °""Fe daughter atoms should occupy substitutional sites.

It should be pointed out that electron capture in °’Co is accompanied by Auger-electron
emission leaving the daughter atom in a multiply ionized state °""Fe¢"" (n ~ 7). Such an ion is an
effective trapping center for Auger electrons, and the *”"Fe"" ion becomes neutralized to one of
its valence-stable states in a time ~ 1072 s. The final stabilized state of the daughter atom (*""Fe**
or 57’"Fe3+) depends, however, both on the nature of the electrical activity of the iron center and on
the nature and concentration of electrically active native defects in the CuO lattice [1; 2; 5; 10;
11].

EPR data show undoped CuO samples to be oxygen deficient, this deficiency being the
larger, the higher is the anneal temperature; oxygen deficiency can be reduced by annealing in an
oxygen ambient [12]. Thus it could be expected that spectrum / is due to single °""Fe’" impurity
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ions produced by radioactive decay of >’Co*" in the CuO copper sites. In other words, one of the
Auger electrons is captured during the °”"Fe"" neutralization by a native lattice defect.

We calculated the crystal-field EFG tensor for the cation site in the CuO lattice in the
point-charge approximation (the lattice was presented in the Cu*"O? form). The crystal-field EFG
tensor was off-diagonal in the crystallographic axes, and its diagonalization yields V.. = 0.738
e/A’ and 1 = 0.29, where n=(V,,—V)/V-- is the asymmetry parameter of the crystal-field EFG
tensor, and V., V), and V.. are components of the crystal-field EFG tensor, with |V..| > |V),|>
| Vil-

TmEe?t Mossbauer spectrum was calculated from

1/2

The quadrupole splitting of a
2

a-p| 1+ | )

A" = JeoV.

where y is the Sternheimer coefficient [for the Fe*" ion, y =—(7.97—9.14) [8], and the expected
value of A lies from 2.14 to 2.42 mm/s. Thus one observes a satisfactory agreement between the
experimental A and calculated A quadrupole splittings of Mdssbauer spectrum /, if we assume
it to originate from single >""Fe’" ions occupying copper sites in the CuO lattice.

The nature of the >""Fe*" state presented by spectrum 2 can be understood if one takes into
account the experimental observation that the only state left in the emission spectra taken below
the Neel temperature of samples containing comparable amounts of *’"Fe*" and *"Fe’" is
STmEe?. Obviously enough the transition of *""Fe®” to *""Fe*" entails electronic processes. In
other words, the >""Fe*" ion should be considered as a neutral donor center, whereas >""Fe’" is a
singly ionized state of this center. The fine structure of a Mossbauer emission spectrum depends
on the relative length of the time required for a thermodynamic equilibrium to set in between the
neutral and ionized iron centers, T, and the lifetime 1y of the STFe Mossbauer level, namely, if T
<< 19, the experimental spectrum will reflect an averaged state of iron atoms produced in a fast
electron exchange between the STmpe* and S"Fe*t centers, while if T >> 1(, the experimental
spectrum will be a superposition of the >""Fe*" and >"Fe®" spectra, and the >"Fe’* contribution
to the spectrum will correspond to the fraction of the °’Co atoms having electron trapping centers
within the mean free path A of the Auger electrons.

Taking into account the presence of both iron states in room-temperature spectra of
CuO:""Co samples, one should conclude that the emission spectra of CuO:”'Co reflect a nonequi-
librium situation (T >> 1) arising in the course of neutralization of highly-charged *""Fe"" states
in the CuO lattice, and that the fraction of >""Fe’" ions contributing to the spectra corresponds to
that of the >’Co”" atoms having electron trapping centers within their close environment (within
o).

Decreasing the temperature of spectral measurements from 295 to 5 K brings about stabili-
zation of all daughter iron atoms in the >""Fe*" neutral state only. To interpret this observation,
one should recall that undoped cupric oxide CuO is oxygen deficient and »n type. The isovalent
"Co*" impurity in the CuO lattice is electrically inactive, and its presence does not affect the
Fermi level position. The concentration of electrically active °""Fe iron centers in CuO is so low
that the presence of iron likewise does not influence the Fermi level. Thus the position of the
Fermi level is controlled only by native defects in the CuO structure. At low temperatures, the
Fermi level lies close to the conduction-band bottom, and all native-defect levels are occupied by
electrons. Therefore the Auger electrons formed in the course of radioactive transformation of
the parent °’Co”" atoms become trapped by the daughter iron atoms, so that all iron atoms end up
by being stabilized in the °""Fe*" state (with no free-electron-capture centers present within a dis-
tance of Ay). An increase of temperature shifts, as a rule, the Fermi level towards the midgap and,
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therefore, part of the native-defect levels turn out to be free and can act as Auger-electron trap-
ping centers. As a result, iron atoms stabilize in the form of both >""Fe”" and °""Fe’", with the
concentration ratio of these forms depending on both the spectrum measurement temperature
(the higher the temperature, the larger is the fraction of the >"Fe®” canters) and the concentration
of native defects (other conditions being equal, the native-defect concentration is the higher, the
higher is the anneal temperature and, hence, the higher is the >""Fe’" center concentration).

2.3. La>.SryCu04"Co

The emission Mdssbauer spectra of the La, Sr,CuOy4:>’Co samples are quadrupole dou-
blets, which points to a non-cubic environment of the Cu sites (fig. 3).

The isomer shifts of all spectra correspond to Fe**. The quadrupolar splitting of the *'Fe
Mossbauer spectra is determined by the excited state of the nucleus (spin / = 3/2, quadrupole
moment Q = 0.211 b) and is described as follows

P 1/2
(1+’7?) : 5)

where U.. is the principal component of the total EFG tensor at the *'Fe nucleus; n = (Uy, —
— U,,)/U.; is the asymmetry parameter of the total EFG tensor. For the tensor components the
inequality U,,| <|U,,| < |U..| should be valid.

A= %‘eQUZZ

Relative count rate

. | 0 1 2
Velocity, mm/s

Fig 3. The Mdssbauer spectra of La27XerCuO4:57C0 recorded at 295 K

Thus, the value of A is proportional to |U..|, which is determined by the lattice EFG for the
Ge™ probe U.. = (1—y) V.., where V.. and y relate to the Cu sites and Fe*' ion, respectively.

To identify the compensating centres arising from Sr doping of the La,_Sr,CuQOy lattice,
we calculated the EFG tensor components at the copper and lanthanum sites in the framework of
the point charge model. According to [8], the atomic positions in the unit cell were:

(La,Sr): (0, 0, 0.36046¢), (0, 0, 0.63954c¢), (a/2, b/2, 0.13954c¢), (a/2, b/2, 0.86046¢);
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(Cu): (0,0, 0), (a2, b2, c/2);

O(D): (0, 0, 0.1824¢), (0, 0, 0.8176¢), (a/2, 6/2, 0.3176¢), (a/2, 6/2, 0.6824c);

0(2): (a/2, 0, 0), (0, b/2, 0), (a/2, 0, c/2), (0, b/2, c/2).

The lattice-sum tensors from the individual sub-lattices are diagonal in the crystalline axes
and have an axial symmetry (n = 0). Their principal axes coincide with the ¢ axis.

In addition, we calculated the principal component of the lattice EFG V., = V. for various
combinations of La3+, Sr2+, Cu2+, Cu3+, 0% and O ions at the La, ,Sr,CuOy lattice sites using
formula (5) and taking into account the electronegativity requirement. If a sublattice included
ions with different charges (La3+ and Sr2+, Cu’" and Cu3+, O* and O ), then their total charge
was considered as uniformly distributed over all the sites of the sublattice, i.e., i was taken to
be equal to the average charge of the sublattice ions. This model is supported by the smooth de-
pendence of the Mdssbauer spectral parameters on x, whereas the charge localization at the sites
near the Mdssbauer probe would produce additional spectral lines.

The calculated values for V.. vary from 0.55 ¢/A* to 0.70 ¢/A* for x = 0.1 to 0.3. The eQU..
values determined from the >""Fe*" Mdssbauer spectra are within the range of the calculated val-
ues, which seems to indicate a higher reliability of the Sternheimer coefficient for Fe’*. But the
absolute value of eQU.. cannot be used to identify the compensating centres. The difference can
be accounted for by the uncertainty of the Sternheimer coefficient and by the reduced ion charges
as compared with the formal chemical ones (the so-called lattice charge contrast).

However, knowledge of the eQU., value is unnecessary, because its relative variation is
sufficient to make the identification by comparing the dimensionless parameters P =
=[eQU..]/[eQU.;lx=0.1 and p = [V_.]/[Vzz)v=0.1. It is important that, unlike eQU.., the experimen-
tal parameter P depends neither on the Sternheimer coefficient nor on the charge contrast of the
lattice. Figure 4 shows the p(x) plots for copper sites calculated for four possible models: (A) the
hole is in the copper sublattice with the average site charge (2+x)e; (B) the hole is in the O(1)
sublattice with the average O(1) charge —2(2 — x/2)e; (C) the hole is in the O(2) sublattice with
the average O(2) charge —(2 — x/2)e; (D) the hole is shared by the O(l) and 0(2) sublattices with
the oxygen charge —(2 — x/4)e.

11 ¢ 72
1,08 | et
e Fig. 4. The p — x plots for
1,06 - copper sites in La;—Sr,CuO,.
104 | The calculated curves A, B and
’ C are for a hole at the Cu, O(1)
1,02 | and O(2) sublattice and D for a
hole shared between the O(1)
1 and O(2) sublattices respec-
0.98 tively. The experimental points
’ are related to the *""Fe’".
0,96 r
094 -
092 r
0’9 1 1 1

0,1 0,15 0,2 0,25 0,3 0,35
X
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In all of these cases the La(Sr) ion charge was taken as (3 — x/2)e. The experimental P points
plotted in fig. 4 show that the decrease of eQU.. with increasing x for °>""Fe’" can be described
quantitatively only for the holes localized in the O(2) or predominantly in the O(2) sublattice.
The other three models contradict the experimental data. The P values in fig. 3 calculated from
the °'Fe absorption Mossbauer data for the La, Sr.CuggosFe00sO4 samples [9] show a much
stronger dependence on x than predicted by the calculations. The difference in the behaviour of
the ""Fe*" and *'Fe*" centres in the La, ,Sr,CuOy lattice can be attributed to their different origin
and local symmetry. The °""Fe’" centres arise from >’Co”" at the regular copper sites, whereas the
"Fe’” ones, having substituted Cu®" in the synthesis, have some compensating centres (like
cation vacancies) in their vicinity, which leads to an uncontrolled change in the resulting EFG.

3. Conclusion

By the Mdssbauer spectroscopy both the isolated >"Fe’” centers in the cation sites of the
CuO lattice (emission spectroscopy). For the isolated *""Fe’” centers a satisfactory agreement
has been established between the quadrupole splitting values calculated by the point charge
model on the one hand and measured in the Mossbauer spectra on the other hand. This conclu-
sion seems to be valid for copper sublattices of high-7; superconductors, and should be taken
into account in the interpretation of the Mossbauer spectra of Fe-doped HTSCs. The *’Co(*""Fe)
emission spectroscopy is preferable in this aspect.

The comparison of experimental and calculated dependences of the EFG at the cation sites
of La, ,Sr,CuQO4 on the x value indicates that the compensating centres arising from the substitu-
tion of La> by Sr*" are the holes totally or predominantly localized in the O(2) sublattice, i.c. at
the oxygen sites in the CuO, plane.
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M. A. I'opaes, A. II. Cnupnos

I'AJIOT'EHU/IbI CEPEBPA KAK YHUKAJIBHBIE ®OTOXUMHWYECKHU
YYBCTBUTEJIBHBIE IIOJYIIPOBOJHUKH

Paccmompenvr mexanusmuvl u 0cobeHHOCIU HOMOXUMULECKUX NPOYECCO8 6 2a0-
2eHuoax cepebpa, a maxice OCHO8Hvle ux ceolicmea. Ilokazano, umo 30HHASL CMPYKMYPa
NOIYAPOBOOHUKA, WUPOKUE B03MOICHOCMU €20 NIecUPOBAHUs, OMHOCUMENbHO GblCOKAA
KOHYEHMPAYUsi MedCY3ebHbIX UOHO8 cepebpa, s¢hpexmusnoe obpazosanue cobcmeeh-
HBIX 0eheKmos npu dNeKMPOHHOM POMOBO30YHCOeHUU NPedCABIAIOm MAaKoe couema-
HUE CE0LICME 2aN02eHUO08 cepebpa, Komopoe 0becneuusaem YHUKAIbHYIO Gomoxumue-
CKYI0 YY8CMEUMENbHOCHTD MAMEPUATIO8 HA UX OCHOGE.

KoaroueBble ciioBa: 6pomuz u xyopu] cepebpa, 30HHas CTPYKTypa MOIYIPOBOA-
HUKa, SJIEKTPOH-HOHHBINA MexaHu3M (oTosnusa, 06pazoBaHue COOCTBEHHBIX Ie(EKTOB.
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