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G. A. Bordovsky, A. V. Marchenko, A. V. Nikolaeva, A. B. Zharkoi
The Charge State of Copper Impurity Atoms in AgCl

7Cu(""Zn) emission Méssbauer spectroscopy and measurements of the 64Cu decay rate
have shown that copper impurity atoms occupying cation sites of the AgCl lattice are in the
Cu+ state when AgCl single crystals are doped with Cu by diffusion in a vacuum. By contrast,
diffusion in a CI2 atmosphere leads to partial transition of copper to the Cu’" state and to asso-
ciation of Cu’" with cation vacancies. The dependence of the copper impurity charge on the
ambient atmosphere in annealing of AgCI crystals is explained by the effect of the atmosphere
on the concentration of cation vacancies.

Keywords: impurity atoms, electron exchange, Mossbauer emission spectroscopy.

I A. Bopooeéckuii, A. B. Mapuenko, A. B. Huxonaeea, A. b. Kapxoi
3APAJOBOE COCTOSIHUE IPUMECHBIX ATOMOB ME/I1 B AgCl

Memoodamu amuccuonnoii meccoayaposckoii cnekmpockonuu ” Cu(™Zn) u usmepenus
ckopocmu paduoaxmugnozo pacnada * Cu nokasano, umo npumecnvie amomv. Meou 3aHUMAIOM
kamuonnvle i 6 peutemre AgCl u naxoosmes 6 cocmoanuu Cu', ecnu kpucmannvt AgCl ne-
aupyromesi Meovblo memooom ouggysuu 6 eaxyyme. ug@ysus ¢ ammocpepe CI2 npusodoum x
yacmuunomy nepexody npumecu medu & cocmosuue Cu’' u K 06paA3068anUI0 ACCOYUAMO8 cu’*
€ KAMUOHHBIMU 8aKAHCUAMU. 3ABUCUMOCb 3APA008020 COCMOSIHUAL NPUMECU MeOU Om Npupo-
ovt ammocghepwr omoicuea kpucmainos AgCl obvsacHaemes enuanuem ammocgepvl Ha KOHYeH-
Mpayuio KAMUOHHBIX AKAHCULL.

KarueBble ciioBa: MIPUMECHBIC aTOMBI, SHGKTpOHHLIﬁ O6MGH, OMHUCCHUOHHasA Mecc6ay—
OPOBCKas CIICKTPOCKOIINA.

1. Introduction

Mossbauer spectroscopy is an effective method for investigating the state of impurity atoms
in solids [2—7; 11; 12]. Because of the poor solubility of impurity atoms such investigations com-
monly rely upon the emission variant of Mdssbauer spectroscopy (EMS) [8—10]. In EMS, a long-
lived radioactive parent isotope is introduced into a sample and decays to give a Mdssbauer probe
(daughter isotope). In particular, this study employed ’Cu (with a half-life of 59 h) as the parent
isotope producing the ®’Zn Mdssbauer probe upon S-decay (see Fig. 1).

This means that the EMS information is related to the lattice position and environment
symmetry of a parent atom and to the charge state of a daughter atom. In some cases (for
7Cu(®’Zn) impurity atoms in AgCl in the present study), analysis of experimental data allows
conclusions to be reached concerning not only the positions and local symmetry of parent impu-
rity atoms but also their charge states.
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Fig. 1. Schematic representation of radioactive decay of Cu and ¥’ Cu.

However, independent data are generally required, concerning the charge states of parent
atoms. In the present investigation, it is proposed that one can use the dependence of the radioac-
tive decay rate for the **Cu isotope on the copper valence state [1] as a source of such informa-
tion.

2. Experimental details

Silver chloride single crystals were grown by the Stock-barger method from optically pure
AgCl (the impurity content did not exceed 2x10™* mol.%). Disks of diameter 10 mm and thick-
ness 5 mm with (100) orientation were cut from the grown crystal. The samples were etched in a
10% sodium thiosulfate solution and were annealed at 350 °C for 4 h in an argon atmosphere.

Radioactive AgCl:*’Cu and AgCL:**Cu sources were prepared by diffusion of ®’Cu or **Cu
into AgCl single crystals. For this purpose, a drop of ®’CuCl, or **CuCl, solution in water was
placed on the surface of a crystal, which was then dried and annealed for 1h at 440 °C in a vac-
uum (AgCl:Cu(I)-type samples) or in an atmosphere of chlorine (AgCl:Cu(Il)-type samples). Af-
ter the annealing, the crystal surfaces were etched in hot hydrochloric acid, washed with ethanol
and then etched with a sodium thiosulphate solution. On the basis of Cu diffusion data for AgCl,
the average depth of copper diffusion under the above annealing conditions was predicted to be
about 0.2 sm.

7Cu(®’Zn) Méssbauer spectra were recorded at 4.2 K using an electrodynamic spectrometer
with a ZnS absorber having 1000 mg. sm™ surface density in terms of ®'Zn.

The decay rate measurements for “*Cu radioactive sources were carried out at room tem-
perature by detecting secondary 511 keV annihilation quanta. A photoelectric multiplier and a
76 x76 mm Nal(Tl) crystal with a 40 x 20 mm well were used in the detector. A source under
investigation was placed at the well centre. To check the detector stability, the count rate was
measured for two samples alternately with a 240 s period.
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3. Experimental results and discussion

Typical Méssbauer spectra of the AgCl:*’Cu are shown in Fig. 1, and the results of their
processing are summarized in Table.

Parameters of 67Cu(67Zn) Maéssbauer spectra and AA/A values for #Cu (relative to CuCl).
(IS is the isomer shift relative to ZnS, eQU,, is the quadrupole interaction constant,

Q is the quadrupole moment of 7Zn, U,, is the principal component of the electric field

gradient tensor at the 77n nuclei, and P is the fraction of singlet I in the total spectrum)

Spectrum [ Spectrum 11
IS eQU.. IS eQU.. p (AMA)10°
(um.s™) (MHz) (um.s™) (MHz) (%)
AgClL:Cu(l) —52.5(5) <05 100 —0.005(10)
AgClL:Cu(l) —52.5(5) <0.5 —60.0(5) 2.003) 15(5) -1.5(1)
CuCl, -2.1(1)

The spectrum of an AgCl:Cu(I) sample is a singlet line corresponding to isolated ®’Cu im-
purity atoms (top spectrum in Fig. 2). It will be referred to further as spectrum 1. The isomeric
shift of spectrum I is typical of Zn*" compounds, and the absence of quadrupole splitting indi-
cates cubic symmetry of the local environment of the copper atoms. Based on conventional no-
tions as to the behavior of copper impurity atoms in AgCl (see, e.g., Ref. 2), spectrum I must be

ascribed to ©’Zn* " centers formed at regular cation sites of the AgCI lattice after me beta decay of
67
Cu.

Fig. 2. Méssbauer spectra of * Cu(*’Zn)
impurity atoms in AgCl at 4.2 K.
The top and bottom spectra correspond
to annealing in a vacuum and chlorine,
respectively. For the bottom spectrum,
the positions of the singlet (spectrum I)
and the quadrupole triplet (spectrum Il)
are indicated. The inset shows the
scheme of 7Cu decay

Relative count rate

90 60  -30 o 30 s 90
Velocity, pm/s
The spectra of AgCl:Cu(II) samples are superpositions of the above singlet (spectrum I) and

a quadrupole triplet (spectrum II) (bottom spectra in Fig. 2). The isomer shift of spectrum II cor-
responds to Zn”', too. The quadrupole splitting indicates a lowered local symmetry of copper im-
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purity atoms. The annealing in chlorine is supposed to stabilize in the Cu*" form a considerable
fraction of copper impurity atoms at cation sites of AgCl (see, e.g., Ref. 2). The excess charge of
the Cu®" ions is compensated for by cation vacancies forming associations with Cu*". Thus, spec-
trum II should be assigned to “’Zn*" centres formed in B-decay of “’Cu*" at AgCl cation sites,
with a cation vacancy in their nearest neighbourhood. This results in a lower local symmetry of
the centres and, thus, in a quadrupole splitting of the spectrum.

According to modern concepts, the predominant defects in AgCl are cation vacancies (ac-
ceptors) and interstitial Ag” ions (donors). Since the copper impurity atoms may be in either of
two charge states, Cu” and Cu®", they are donors, too. Annealing in a vacuum ensures electric
neutrality of the AgCl lattice by establishing equilibrium between the cation vacancies and the
interstitial Ag" ions. As a result, impurity copper atoms mainly occupy the normal cation sites in
the neutral donor state Cu’". On the other hand, annealing in chlorine makes the concentration of
the cation vacancies higher. The electric neutrality of the lattice requires under these conditions a
transition of the copper impurity atoms to the ionized donor state Cu”*, and the mutual attraction
of the ionized donors and acceptors must lead to the formation of Cu**-vacancy associations,
which was revealed in the spectra under consideration. Thus, the above spectra are in good
agreement with the theoretical predictions concerning the effect of the ambient atmosphere on
defect generation in AgCl subjected to thermal treatment.

However, the above interpretation of spectra I and II is based on quite arbitrary assumptions
about the charge states of copper impurity atoms and requires some independent experimental
verification. This was done by measuring the rate of decay of **Cu radioactive nuclei. The decay
of radioactive nuclei is known to be described by the expression

N = Noexp(—Ar), (1)
where: N and N, are the numbers of nuclei at the instant of time t and at the initial instant of time,
respectively; A = In 2/T), 1s the decay rate; and T}, is the half-life.

As established experimentally (for ®Cu, see, e.g., [1]), the electron capture (EC) decay rate
A depends on the valence state of decaying atoms. The variations of the decay rate are around
0.01%, and are commonly described by the expression:

AL AN
AOA A,

where AL =L — Az, and A, and A are the decay rates for the isotope in chemical forms 1 and 2.
There is no reliable theory describing the dependence of AA/A on the chemical parameters

of a radioactive compound. However, the key role of the electron density at a decaying nucleus,
[¥(0)[*, is commonly accepted:

2 [lro f -] ()

where [¥(0),* and |¥(0),]* are the electron densities at the radioactive nuclei in compounds 1 and
2, respectively.

The experimental method of determining AA/A consists in measuring the normalized ratio R
of the count rates for two sources 1 and 2 as a function of time (the quasi-differential method).
This dependence is described by the expression

2)

R(t)= % =exp(Mt), “4)

2
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where: R, = C1/C,, where Ci(t) = kA Noiexp(—Ait) and Co(¢) = khaNoprexp(Aof) are the count rates
for sources 1 and 2, respectively; k is the detector efficiency; Ny; and Ny, are the numbers of ra-
dioactive nuclei in sources 1 and 2, respectively, at the initial instant of time; and R, is the initial
ratio of the count rates.

The *Cu isotope (712 = 12.88 h) provides the optimal conditions for AA/A measurements
by the quasi-differential method. The **Cu decay occurs by three channels: EC (43%), B* (19%),
and B~ (38%), as shown in figure 1. A large body of experimental data concerning the dependence
of A on the chemical state of copper are currently available for this isotope [1].

Fig. 3 shows typical R(t) dependences recorded for the source pairs CuCl-CuCl,, CuCl-
AgCl:Cu(I), and CuCl-AgCl:Cu(Il). The AA/A values derived from these curves are given in table
1. It can be seen from table 1 and Fig. 3 a that the maximum value of AMA is observed for CuCl-
CuCl,. This fact has an obvious explanation: the above compounds contain copper in two differ-
ent valence states, Cu' and Cu2+, with electron configurations 3d" and 3. The transition from
3d" to 3d’ increases [¥(0)|* and, as a result, increases the rate of decay of **Cu.

1.0004 |

Fig. 3. R(t) dependences
for the source pairs
CuCl-CuCl, (a),
CuCl-AgCl:Cu(Il) (b),
and CuCl-AgCl:Cu(]) (c).
The inset shows the scheme
of ®*Cu decay

Relative count rate

t(10%s)

Comparison with the case for the CuCl-AgCl:Cu(l) source shows that the AA/A value is
within the error limits (Fig. 3, c), obviously indicating the Cu" state of the copper impurity in
AgCl doped in a vacuum. By contrast, the AM/A value for the CuCl-AgCl:Cu(Il) source is consid-
erably higher (Fig. 3 b), although it is not as large as that for the third pair, CuCl-CuCl, (see Table
1). In other words, annealing of AgCl in chlorine stabilizes a proportion of the copper atoms in
the Cu”" state. With the AMA value assumed to be proportional to the Cu®" fraction, AgCl:Cu(Il)
samples must have about 70% of copper in this state, in good agreement with the Mdssbauer data.

4. Conclusions

Investigations of diffusion-doped AgCl single crystals by ®’Cu(®’Zn) emission Mdssbauer
spectroscopy and measurements of the “*Cu decay rate have shown that copper atoms substitute
for silver. However, the charge states of copper proved to be dependent on the doping proportion
of the copper into the Cu®" state. The dependence of the charge state of the copper impurity on
the ambient atmosphere in the annealing of AgCl crystals is explained by the effect of the ambi-
ent atmosphere on the concentration of cation vacancies.
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B. A. /loponun, T. IO. Paouanoesa, I1. I1. Cepezun

CBEPXTOHKHUE B3AUMOJIEHCTBUS B Y3JIAX MEJM PEIIETOK
BBICOKOTEMIIEPATYPHbIX CBEPXITPOBO/HHMKOB,
W3YYEHHBIE METOJIOM MECCBAY?POBCKOMN CHEKTPOCKOIIAH

M3MmepeHbl AIMHCCHOHHBIE MECCOAYIPOBCKHE CIIEKTPHI 61Cu(mNi) MPOCTBIX OKCHJIIOB
MgO, NiO, Cu,O, CuO u cBepXIpoBOIANIMX METAIOOKCHIOB Meau La, (SryCuOy, Ndj
xCexCuO, YBa,Cu3;074 n YBayCu;Fe,O7.y. Tlokazano, 4yto sMuccroHHas MéccOayspoBcKast
CIIEKTPOCKOIIHS Ha U30TOMaX 61Cu(61Ni) TO3BOJISIET OIPEEIISATh TapaMETPhl TEH30pa TPagueHTa
JJIEKTPUYECKOTO M BEJIMYUHBI MATHUTHBIX TOJIEH TMOJS B MEIHBIX y3J1aX PEIIETOK BBICOKOTEM-
MePaTypPHBIX CBEPXIIPOBOJIHUKOB M POJICTBCHHBIX MaTepHaax.

KiioueBble c10Ba: MEccOayIpOBCKask CIEKTPOCKONUS, BBICOKOTEMIICPATYPHBIE CBEPX-
HPOBOAHHUKH, CBEPXTOHKUE B3aUMOJICHCTBHS.

V. Doronin, T. Rabchanova, P. Seregin

Hyperfine Interactions in Copper Site of Lattices
of High Superconductors Studied by Mdssbauer Spectroscopy

61Cu(6 INi) Emission Méssbauer spectra of simple oxides MgO, NiO, Cu,0, CuO and su-
perconducting copper metal oxides La; SriCuQO, Nd,.Ce,CuO, YBa,Cu;0;., and YBa,Cu;.
Fe.Or, were measured. It is shown that the emission Mdéossbauer spectroscopy on the
' Cu(*'Ni) isotopes allows to determine the parameters of the electric field gradient tensor and
the value of the magnetic fields in the copper sites of high-temperature superconductor lattices
and in the related materials.

Keywords: Mossbauer spectroscopy, high superconductors, hyperfine interactions.

MéccbhayspoBckasi CHEKTPOCKONHS IIUPOKO HCIONB3YETCS JUIsl M3YUYEHHUS] CBEPXTOHKUX
B3aMMOJICHCTBUI B pelleTKax BbICOKOTemIeparypHbix cBepxipoBogHukoB (BTCII) Ha ocHoBe
okcnnoB Meau. Ocoboe 3HaUeHHE TaKue UCCIICAOBAaHMS UMEIOT, eciii MEccOay pOBCKUI 30H/T Ha-
XOIUTCS B y31max Meau. IMeHHo 3T0 00cTOATENHCTBO MOOYMIIO aBTOPOB [1; 5; 9] nmpennoxuts u
peammzoBars ans uccienoBanusi BTCII sMuccroHHyto MECCOAayIPOBCKYIO CHEKTPOCKOIHIO
(OMC) na msoromax *'Cu(®’Zn). Méccbaysposckuii 30ux *’Zn’", obpasyrommiics mocie pammo-
AKTHBHOTO Pacraja MaTepPHHCKOro m3otorna ° Cu, OKa3bIBAETCS JOKAIN30BAHHBIM B MEIHBIX y3-
Jlax pelIeTKH, a aIepHble U aTOMHbIE TTapaMeTPhl 30H]1a TAKOBBI, YTO MO3BOJISIOT ONPEENIATh TEH-
30p rpanuenta snekrpudeckoro nois (I'D11) B y3nax Meau, co3gaBaeMblil MOHAMU KpUCTAILTAYE-
CKoil pewietku [2; 12].
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