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EPR OF THE COPPER CENTERS IN DOUBLE LEAD MOLYBDATE CRYSTAL

For the first time EPR spectra are studied in double lead molybdate crystal Pb,MoO;, doped with
Cu ions. It is shown that in Pb,MoO; structure copper ions are in D, (S=1/2, I=3/2) state. Orienta-
tional diagrams of Cu’* EPR spectra are measured at magnetic field rotating with respect to the crystal
axes. Angular dependences of the spectra are described on the basis of a spin- Hamiltonian including
electronic Zeeman and electron-nuclear hyperfine interactions. On the basis of the data obtained, the
components and axes directions of g-factor and hyperfine interactions tensor A are calculated. Anisot-
ropy and multiplicity of the EPR spectra testify that in Pb,MoO; lattice Cu ions occupy monoclinic
positions of Cg symmetry. Positional symmetry and comparison of the ionic radiuses and charges of
impurity and cations in Ph,M00O; formulae unit, allow to assume that copper ions substitute lead host
ions in one of two structurally nonequivalent sites PbI or Pb2. Additional splitting of the hyperfine lines
owing to the interaction of copper electron spin with nuclei of surrounding *’Pb isotope is observed.
Anisotropy of superhyperfine interaction with ligands nuclei shows that in Pb,Mo0O; structure substitu-
tion of copper ions with lead in the first position Cu — Pb1 is more probable.

Keywords: acousto-optic materials, Pb,MoO; crystal, EPR spectroscopy.

Yunepue suBuyeHi EIIP ciexkTpu kpucrajis noasiiinoro moJaioaary csunuio Pb,MoO;, akruBoBa-
Hux ionamu Cu. Ilokasano, mo B cTpykTypy Pb,MoO;s napamaruiti ionn mixi BxogsiTe y crani 2D,
(5=1/2, I=3/2). TipoBeeHo BUMipIOBaHHs opieHTaniiinux 3anexnocreii EIP crektpis Cu’’ npu o6ep-
TaHHI MATHITHOIO IO/ BiHOCHO oceii kpucTaja. KyToBi 3a/1eskHOCTI CIIEKTPIB ONHCAHO HA OCHOBI
CHiHOBOI'0 IraMiJbTOHIAHA, 10 BK/IIOYA€ €JIEKTPOHHY 3€€EMAHIBCBKY # €JIEeKTPOH-S/ICPHY HAATOHKY
B3aemozii. Ha ocHOBi oTpuMaHuX pe3y/bTaTiB IPOBeJeHO PO3PAXYHOK KOMIIOHEHT i HANpsIMy rojio-
BHHUX oOceii g-()akTopa Ta TeH30pa A HaATOHKOI B3aemopii. AHizorponis i xkpatHicte EIIP cnexktpis
cBinuaTh, mo B pewritui Pb,MoQO;s ionn Cu po3TamioBYIOTbCSl B MO3ULISIX MOHOKJIiIHHOI rpynu Cs. Cu-
MeTpisl CIIeKTPiB, a TAKOK CHiBCTABJEeHHS 10HHUX pajiyciB i 3apsaaiB 1omilkoBHX HEHTPIB i kaTioHiB,
10 BXOAATH A0 (opmyiibHOI onuHuLi Pb,MoOs, 103BOJISIIOTH NPUIYCTUTH 3aMillleHHs ioHamMu Migi
iOHiB CBHHII0O B OJHOMY 3 IBOX CTPYKTYpPHO-HeeKBiBaJleHTHHX BY3JiB Pbl a6o Pb2. BusiBjieHo aoaar-
KOB€ PO3LIeIICHHS HAJTOHKHUX JiHiil yHACIII0K B3a€MOJil €JIeKTPOHHOI0 CIiHY Mijli 3 HABKOJIUIIHIMHI
AApaMu izoromy 27pp. AHI30TpOnisi CynepHaATOHKOI B3a€MOJII MOKa3ye, o Oinbm BiporizHuM € 3a-
MillleHHSI AOMIilIKOBUMHM iOHAMM Mifli ioHIB cBMHIIO B nepuuiii mo3uuii Cu — Pbl.

KuirouoBi ciioBa: akycroonTuyHi mMarepianu, kpuctanu Pb,MoOs, ETTP cnekrpockoris.

Bnepsbie nzyuyenbl JIIP cnekTpbl KPUCTANIOB ABOITHOT0 MosiMbOaaTa cBUHIA Pb,MoO;s, akTUBH-
poBaHHbIX HOHaMH Cu. Iloka3aHo, 4T0 B cTPYKTYpPY Pb,M0O;s napaMarHuTHble HOHbI M€ BXOIAT B
cocrostun D, (8=1/2, I=3/2). IIpoBeneHbl H3MEPeHUS] OPMEHTANMOHHBIX 3aBucuMocTell JIIP crex-
Tpor Cu’' NpH BpalIEHHH MATHUTHOTO YOS OTHOCHTENBLHO Oceil KPHCTAILIA. YIJIOBbIe 3aBHCHMOCTH
CIEeKTPOB OMHCAHBI HA OCHOBAHMM CIMHOBOI0 FaMHWJIbTOHHAHA, BKJIIOYAKOLIEr0 3JeKTPOHHOE 3eeMa-
HOBCKOe M 3JIeKTPOH- si/lepHOe CBepXTOHKoe B3ammojeilicTeusi. Ha ocHOBe MO/Iy4eHHBIX pe3y/1bTATOB
NMpoBeJeH pacyeT KOMIOHEHT W HANPaBJIeHHs IVIABHBIX oceii g- (hakTopa M TeH30pa A CBEPXTOHKOIO
B3auMojeiicTBuA. AHM30Tponus U KpaTHOCTh JIIP cnekTpoB ¢BHAETEIbLCTBYWT, YTO B pelIeTKe
Pb;MoO;s wonbl Cu pacnoJiaralorcsi B No3uMsiX MOHOKJIMHHOHN rpynnbl Cg. CUMMeTpHUSI CIEKTPOB, a
TaK/Ke CONMOCTABJIeHHE HOHHBIX PAHYCOB W 3aps/I0B MPHUMECHBIX IEHTPOB H KaTHOHOB B (opMyJIbHOI
enqunune Pb,MoOs, no3BOJISIIOT NMPEANOJI0KHTh 3aMellleHHe HOHAMH Me/JM MOHOB CBHHIIA B OJHOM M3
ABYX CTPYKTYPHO- HeIKBHBAJICHTHBIX y3J10B Pbl wian Pb2. O0Hapy:KeHO AONOJIHUTEIbHOE paciienie-
HHe CBePXTOHKHUX JHMHHUIl BeJleACTBHEe B3aMMO/EHCTBHS 3JeKTPOHHOI0 CIIMHA MeIH ¢ OJIu3JIeKalHMH
sapamu u3otona °’Ph. AHM30TPOIHSI CyNePCBEPXTOHKOr0 B3aHMOAEHCTBUS ¢ SAPAMH JIHTAHI0B NOKA-
3pIBaeT, 4TO0 B CTPYKType Pbh,M0O; Goslee BepOATHBLIM SIBJISIeTCS 3aMellleHHe MPUMECHBIMH HOHAMU
Me/IM HOHOB CBUHIA B nepBoii mo3uuuu Cu — Phl.

KnioueBble cj10Ba: akyCTOONTHUECKHE MaTepHabl, Kpuctaisl Pb,MoOs, DIIP criekTpockomusl.
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1. Introduction

Single crystals of PbO-MoQO; family are considered as promising to be used in
acousto-optic devices. In addition to classic acousto-optic PbMoO, with scheelite struc-
ture, double lead molybdate crystal Pb,MoO:s attracts attention owing to strong anisotropy
of acousto-optic parameters [1-4]. According to [5], Pb,MoOs structure of lanarkite type
belongs to space symmetry group C»;’, and the unit cell contains four formulae units Z=4
and has parameters: a = 14.225 A, b =5.789 A, ¢ = 7.336 A, p=114". Pb,MoOjs crystal

lattice is characterized by cleavage plane (201) in accordance with axes setting
[010][b]|C-.

Yellow colour and photochromic effect hamper practical use of lead molybdate
crystals in acousto-optic devices. It is expected that doping with small amount of certain
impurities could decrease concentration of the defects responsible for worsening of opti-
cal quality. Choice of the dopants is based on knowledge of a microscopic structure of
impurity centers in the structure. In the paper we present the first study of EPR spectra
anysotropy in double lead molybdate crystal Pb,MoO;s doped with copper ions.

2. Experimental results

Pb,MoO:s single crystals were grown from the melts by Czochralski method with
addition of CuO (0.03 % wt.) to stoichiometric reagents [6]. Samples for EPR experiment

were cut off as parallelepipeds with main facets parallel to (010) and (201) planes. EPR

spectra were measured by using the conventional radiospectrometer Radiopan 25/47 op-
erating in X frequency band (9 GHz).

EPR spectrum of Pb,MoOs:Cu crystal is presented in the insert to Fig.1. The quartet
of well resolved lines, resulting from hyperfine (HF) interaction of electron spin S=1/2
with nuclear spin /=3/2, evidences to ’D;, state of bivalent Cu°" ions. For the components
of HF quartet the doublets from copper isotopes *Cu (I=3/2) and *Cu (I=3/2) [7] are well
distinguished. Moreover, there is an additional splitting with the components intensity
decreasing from the centre to both sides of the lines groups. Such contour of lines is typi-
cal for superhyperfine (SHF) interaction of the active center electron spin with the nuclear
spin moments of surrounding atoms [7, 8].
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Fig. 1. Angular dependences of EPR line positions in Pb,M00;:Cu at magnetic field B rotating in (010),
(201) and (P) planes. The experimental data are given by circles for “Cu isotope. Solid lines are calcu-
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lated on the basis of SH (1) and parameters given in Tab.1. In the insert: EPR spectrum of
Pb,MoOs:Cu crystal at B||[102].
In order to determine the positional symmetry of Cu centers, we measured angular

dependences of EPR line positions at magnetic field B rotating in (010), (201) and (P)
planes, the latter of which is perpendicular to (010) and (201). So, in the laboratory co-

ordinates system used, axis 3|[[010], axis 2||[[102] and axis 1 is perpendicular to 2 and 3.
Angular dependences of EPR hyperfine line positions are plotted in Fig.1 for “Cu iso-
tope. It can be seen that only one spectrum is observed in experiment, i.e. magnetic mul-
tiplicity of the spectrum is £,=1 [9]. It means that Cu centers occupy structurally equiva-
lent positions of a single type. EPR line positions and hyperfine line splitting demonstrate
axial symmetry with the main axis parallel to [102] direction. In (P) plane, which is per-
pendicular to axial direction [102], splitting between outside components of the spectrum
is about ~3.5 mT. Since the individual line width is about 0.3 mT, determination of line
positions of the overlapped components and identification of certain electron transitions
are difficult. Therefore for (P) plane in Fig.1 the positions are plotted only for outside
lines.

The angular dependences of Cu’" EPR line positions are described by the spin-
Hamiltonian (SH)

# =BBgS + SAl, (1)

which includes electron Zeeman and HF interactions [8, 10]. Description of Cu’" EPR
spectra on the basis of SH (1) makes it possible to determine the main values and direc-
tions of axes of g-factor and HF interaction tensor A. The values, presented in tab.1, show
that g-factor and A tensor are nearly axial: gy = 2.349, g,(= gx = gy) =2.057, A =
130.3-10% em™, A (x Ac = Ay) = 17-10* cm™. It should be noted that the components in
Tab.1 are obtained in assumption that the main axes of g-factor and A tensor coincide.
The angular dependences of EPR line positions calculated on the basis of SH (1) and pa-
rameters in Tab.1 are plotted by lines in Fig.1. Comparison of the experimental and cal-
culated data demonstrates that anisotropy of HF structure of Cu EPR spectra is described

within the first order of the perturbation theory with good accuracy.
Table 1
Parameters of SH (1) and SHF tensor as well as directions of magnetic axes calculated from EPR spec-
tra in Pb,MoO;:Cu’* (T=290 K, values of g- factor and HF tensor are given for Cu isotope)

g-factor HF tensor A (10 cm™) SHF tensor A* (10* cm™)
gx =2.058 (1); Ax=11(2); (AHx=3.7(0.5);
gy =2.055 (1); Ay =22 (5); (AMy =16.3 (0.5);
g7=2.349 (1); Az=130.3 (0.5) (AM,=10.4 (0.5);
ZJ|[102], Y||[010] Z"[010], £Y", [102] =4 0.5°

3. Discussion

In accordance with [5], in Pb,MoOs unit cell Mo atoms and four oxygen atoms OJ—
04 form MoOQ, tetrahedra. Lead atoms occupy two structurally nonequivalent sites Pb/
and Pb2. Oxygen atoms OS5, which are located apart from MoO, complexes, form the
rows oriented along b axis and are coordinated with four Pb atoms in the corners of
slightly distorted tetrahedra.

According to [9] magnetic multiplicity of EPR spectrum £, = 1 indicates that in
Pb,MoO:s structure with Cs,’ space symmetry group, Cu centers occupy positions with
point symmetry of C,,, C; or Cs groups. The data in [5] show that in Pb,MoOs unit cell all
cations sites Mo, Pbl and Pb2 correspond to monoclinic symmetry group Cs. Taking in
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mind the coincidence of ionic charges and ratio of ionic radiuses, it is reasonable to as-
sume that impurity centers Cu’" (rcyo» = 0.72 A) substitute PH°" host ions (rpyos =
= 1.20 A). Since one spectrum is observed in experiment (k, = 1, Fig.1), it means that
copper centers substitute lead ions only in one of two structurally nonequivalent posi-
tions. According to [5], the nearest surroundings of PbI1 and Pb2 sites are formed by four
oxygen atoms O3, 04, O5'and O5". O3—-05" atoms are located in the corners of distorted
squares, plane of which is perpendicular to (010) and lies away from lead atom sites. Dis-
tances from PhbI,2 sites to the nearest neighbours are: d(PbI1-03,04) = 2.30 A, d(PbI-
05'05") = 2.39 A, d(Pb2-03,04) = 2.46 A, d(Pb2—-05',05") = 2.37 A. The lines con-
necting PbI and Pb2 sites with the “centre of masses” of oxygen squares O3-05" lie in
(010) plane and deviate from [102] direction on 3.5° and 3.8°, correspondingly. These
lines practically coincide with a perpendicular to the plane of O3-05" squares, so that
disorientation is only 0.1° and 0.4° for PhI and Ph2 sites correspondingly. Thus, the main
axis Z||[102] of g- factor is rather close to the line connecting Pbh/ and Ph2 sites with the
“centre of masses” of oxygen group O3—05" in the nearest surroundings of lead atoms.
Such result supports the assumption of Cu—Pb substitution. At the same time, the nearest
neighborhood for both PbI and Pb2 sites is formed by the same groups of four O3, 04,
05"and O5" oxygen atoms. Besides that, the direction of main magnetic axis Z should be
expected to be close to [102] for both assumed versions of the doping ions localization
Cu—Pb1 or Cu—Pb2. Hence, examination of g- factor and A tensor main axes directions
does not allow to decide in what site (PbI or Pb2) the copper centers are localized.

To answer this question, let us consider additional splitting of EPR lines (the insert
to Fig.1) resulting from SHF interaction of Cu electron spin with the spins of ligand nu-
clei. Corresponding SHF structure of EPR spectrum can be described SH (1) by addition

of a sum Fg =2 SA“1% | which takes into account interaction of paramagnetic center
i

electron spin S with nuclear spins I of surrounding atoms. As it was shown in [8],
EPR line contour can be attributed to SHF interaction of Cu electron spin with nuclei of
isotope ?’Pb (I = 1/2, ¢ = 22.6 %) [7]. Angular dependences of SHF line splitting, meas-
ured as distance between “Cu line and the nearest low field SHF component, are plotted

for (010) and (201) planes in Fig. 2.
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Fig. 2. Angular dependences of SHF splitting for low field component of HF line |m;| = 3/2 in EPR spec-
trum of Pb,MoO;:Cu. Circles — experimental data, lines are calculated by using of SHF tensor A" pa-
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rameters given in Tab.1.

On the basis of the angular dependences in Fig. 2, the components and axes direc-
tions of SHF tensor A" are determined and presented in Tab. 1. It can be seen that A" ten-
sor axes X", Y*, Z" do not coincide with direction of the g-factor axes X, Y, Z (Tab.1).
Axis Y*, along which SHF splitting is maximal, lies in (010) plane and deviates by 40.5°
from [102] direction. According to the structural data [5], the line connecting Pbl site
with the nearest P’ atom (d = 3.80 A) also lies in (010) and makes an angle 37.0° with
[102] direction. The lines connecting Ph2 with the nearest Pb2' (d = 3.68 A) and Pb2" (d
=3.76 A) lie in (010) plane and deviate from [102] by 114.8" and 46.3° correspondingly.
Thus comparison of orientation of A" tensor axes (tab.1) with Pb/,2 surroundings gives
the evidence in favour of paramagnetic centers substitution with lead atoms in the first
position Cu—Pb1.

3. Conclusions

A state of copper impurity centers in Pb,MoOs crystal is identified as Cu’* (°Ds,) on
the basis of studying EPR spectra. Measurements of EPR spectra angular dependences
make it possible to determine positional symmetry Cs of Cu’* centers, and to calculate the
main values and magnetic axis directions of g- factor and tensors of HF and SHF interac-
tions. The obtained data allow to assume that in Pb,MoO:s lattice impurity copper ions
substitute with lead host ions in the first structurally nonequivalent position Cu—Pb1. In
order to verify this assumption it is planned to study SHF line contour for various orienta-
tions of magnetic field B with respect to the crystal axes in more details.
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