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Fig. 10.9. Outline of the si'p\al produced by a high frequency modulation

system. (a) The origin of the signal, (4) the unrectitied signal, (c) the
output of a phase-sensitive rectifier
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diagrams 10 illustrate typical behaviour of

Energy level
(a) a Kramers and (») a non-Kramers ion in a ‘weak’ crystal field
(splittings not to scale)
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Splitting of the *F levels in Co* due to the combined effect
of an octahedral crystal fiecld and spin-orbit coupling. The number
against each level indicates the degeneracy of that level
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Ihustration of the ‘strong field’ 3d* con-
Droipd en? figuration, all five electrons being in triplet #, orbitals
and givingrisstoatotal spin S = §
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{a) a Kramers and (5 a non-Kramers ion in 2 ‘weak’ crystal field
(splittings not to scake)

H—*

iy

el
H

Fig. 2.6. Diagram to show the origin of hyperfine structure for the case

M;-i. M"%.

The {our allowed transitions (characterised by

Am; = 0) are indicated



A

P ® *Y
dy2_2x]0) d,a_,n-ﬁ-{]z)ﬂ-z)}
X Y 2
] 4
. ]
NB
L ] L ]
_]-z)} n-f{lu) j- |> 1. J. |1>1—l-|>

f \“!! =rt
ty {TRIMLET)

(a)

Angular dsm'buuon functions for the five d orbitals
The black circles represent peighbouring ions

« (DounLET)

daloyl

\‘n ‘tt
OCTAKEDRAL TETRAGOWAL

(b}

Encrgy Jevels of a single d electron in crystal fields of
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The splitting of D and F states in octahedral crystal field
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Fro. 7.7. Construction of the ground states of the d-configurations in sn octahedral
field using the strong crystal field approach, but smmuming the spin coupling to be
stronger than the erystal field energy.
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Fio. 1.8. Construction of the ground states of the d-configurations in an octahedral field
using the strong crystal field spproach, and sssuming the crystal field energy to be
larger than the spin coupling encrgy.
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Fig. 2.12. Splittings of the ground and excited terms of 3d® by an octahedral field. The magni-
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Fig. 1. Thc onset of the low-ficld intcnse non
resonant absorplion and the signal of
Jocalized Cu?* ions. During the ficld sweep
the temperature was slightly decreased across
T.. The superconductive transition is
evidenced by the sudden rise of the signal at
90.2 K

1000
Magnecric Ficld (G)

which may be attributcd to copper paramagnetic ions,
as will be discussed later. The signals of samples I,
were found to be about thirty times stronger in inten-
sity after the sintered samples (~ 15 mg of matcrial)
were ground to the powder in an agate mortar. This
fact can be explained in terms of complete penctration
of thc powder by the microwave licid, taking into
account that the skin depth is of the order of 1072
—10~? cm for a sintered samplc at 9 GHz. Sample 11
was ground to a powdcr too, for comparison with
the other oncs. The numbcer of resonant spins has
been determined by comparison with signals from
known quantities of CuSO, - 5H,0. A maximum con-
centration of 5% of resonant copper ions has becn
obscrved in the type I samples showing the weakest
Meissner effect (-~ 15%). They will be called “I1a™ in
the foilowing. The concentration is of the order of
1% for sample 11 and for the type I samples showing
a stronger Meissner effect (2 40%, " ib” samples).

The transition to the supcrconducting phasc has
been checked in the various samples by observing
the onsct temperature of the intense non-resonant
low-ficld absorption (Fig 1), and was found to be
{904+0.5) K in all the cases.

The RT spectra for both the sintered and the pow-
dered la compounds arc shown in Fig. 2. Sample Ib
and 11 give risc to very similar spectra. That of sam-
pic I is shown in Fig. 3. All these signals present the
characteristics of powdcr spectra duc to Cu?* in the
tetragonal symmetry. In the axial hypothesis, a rea-
sonablc dccomposition allowed us to deduce the g
values:

ga=221£002
g, =2.06+0.02,

3000

I | {
3000

Magnctic Ficld (G)

Fig. 2. RT spectra of Ta-type samples, a sintered, b powdered. The
intensity is aboul thirly times greater in the sccond case

2200 3800

in linc with thosc usually obscrved for copper in oxy-
gen coordination, with 3d,._,: as the orbital ground
state. These values, which arc essentially constant

G. Amovettl | E. Bwtwuim, A.\Vava, 6. Calustany andl  F.C. ﬂa{'acaﬂa/

2. Phys. B 72, 13 (1918)
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Fig. 3. RT spectrum of sample 11 (powdcred)
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Fig. 5. RT spectrum frequently obscrved in the YBCO sampics when
damaged by hydration
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Fig. 4. Inverse peak-to-peak height (arbitrary units)
of the ESR signal s a function of the temperature,
a sumple fa. b sample Ib. The fitting of the high
temperature taif is shown too
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Fig. 6, The fraction of monomers, dimers and trimers in the linear
chains versus p

Table 1. The values of n /N, in percent, for some relevant values
of p

m P

1/3 12 2/3
I 25 42 49
2 1.6 2.1 L6
3 1.0 0.5

=D (1 g7,

3

where N, is the total number of copper atoms in
the crystal and p is the fractional concentration of
Cu?”* ions in the chains.



‘Is there any other point to which you would
wish to draw my attention?’

‘To the curious incident of the dog in the
night-time.’

“The dog did nothing in the night-time.’
"That was the curious incident.’
A. Conan Doyle in "Silver Blaze”.

F. Mehran and P W/, Andlerson
Solld State Commun. 7L, 23 (1489)
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Paramagnetic resonance and local position of CP” in ferroelectric BaTiO;

K. A. Miiller a1 d W. Berlinger
JBM Zurich Research Laborator. 8803 Rﬁ_schh'kon. Switzerland

I Algers
Physics Department, Universitdt des Saari-ndes, 6600 Sgarbriicken, West Germany
{Beceived < cune 1985)

EPR spectra of Ci*Y, §= 1. substiuting for Ti'* are reported as a function of temperature Tin

all four phases of BaTiO,. Inthe three ferroctectric phases (FEP's), the principal axis of the Hamil-
(onian is always along the polar axis. There are two crystal-ficld terms, oné proportional to the
square of the polarization and a large one linear in T. The latter is the same in all FEP's. The ex-
istence of the first term shows that the Ce’* remains centered in the octahedral cell. The existence
of the latter, not observed for Fe'*, points to large thermal fluctuations of the Crt*. These are as-

—

cribed to the absence of anlibonding, repelling 2,

clecirons djrocted owards the D1ygen atloms which

] NOYEMDER 150~

are present for Fe'*. Saturation of the b3(T) 1erm for low T is accounted for by a Debye model for
€% with an energy of only 236.6 X, proving independently a flat ionic potential for Cr**. The pic-
ture of considerable Cr'* amplitude fluctuations agrees with an effectively reduced Cr'+-0' dis-
tance of 0.02 A compared to the Fed+-0 distance obtained from the superposition-model analysis.

The latter yiclds the correct sign and magnitude
firms that a maximum of the intrinsic superposi

of ihe crystal-ficld b§ terms in all FEP's. It con-
tion-mode! parameter Byl R) for Ce+, derived ear-

lier by Miiller and Berlinger, occurs for R between 1.95 and 1.96 A.

1. INTRODUCTION

Recently, Siegel and Miller! were able to interpret some
two-decade-old paramagnetic resonance experiments on
Fe)* substituting for Ti** in BaTiO;. These easly experi-
ments of Homig, Rempe!, and Weaver? were carried out
as a function of temperature in the cubic and tetragonal
ferroclectric phases (FEP's). Studies of Sakudo and
Unoki’ extended the investigations to the orthorhombic
and rhombohedral phases for one specific temperature in
cach of the two phases. It was shown in the aforemen-
tioned analysis, using the superposition model with pa-
rameters determined earlier,® that the Fe?* participates by
less than an order of magnitude in the collective motion
of the Ti** ions responsible for ferroclectricity, i.c., the
Fe'* remains at the center of the oxygen octahedron in all
three ferroelectric phases. )

The sizes of Ti** and Fe** in octahedral oxygen coor-
dination are nearly the same. The difference in behavior,
that one undergoes 8 cooperative transition and the other
remains centered, can have two origins. (a) The Ti** has
an empty 3d shell, whereas that of the Fel+ is half-filled.
It has been discussed that the emptiness of the Ti'* d
sheil is crucial for the occurrence of the ferroclectricity.!
(b) There is a charge difference of one unit between Ti‘t
and F+. In a recent theoretical study, Sangster’ showed
the oecurrence of radial enhancement of ions owing to the
charge misfit between the substituted ion and the impun-
ty. Thus the radius of Fe’t is enhanced in BaTiO; as
compared to that in an oxide, where it replaces an intrin-
sic trivalent jon. In order to elucidate further the two
possible reasons for the centering of the Fe* just men-

32

tioned, another trivalent ion with nearly the same ionic ra-
dius as that of Fe'+ © but with a different 3d configura-
tion, has been studied. _

Co+ is such an ion, but with an clectron configuration
3d? as compared to Fe’* with 3d°. Whereas Felt in the
high-spin configuration has its two subshells with 15, and
e. character half-filled, (£, Ple, P, Cr** has only the 1y
subshell half filled with configuration lrg,)1 and the {¢,)
shell empty. The (e, ) are antibonding o orbitals and will
cause a larger repulsion from the negative oxygen shells to
keep the Fe’ ¥ centered; see Fig. 1. On the other hand, the
{13, ) are essentially nonbonding, having their charge den-
sity pointing midway between the oxygen electron density.
Recent uniaxial stress experiments on Cr* in cubic MgO
at room temperature indicated that CrP'* may be slightly
of f center along the (100) cubic positions.” Thus cet
appeared as a valid candidate to decide whether the 3d*
configuration or the size enhancement, owing to the
charge misfit, is more important.

O O
Of0= OFK O~
O O

1y I
(3=y1) 1) () 160)

o arbial I,. orbital

FIG. 1. Shapes of ¢, and 13, orbitals in octahedral coordins-
tion.

5837 (é)l985 The American Physical Society
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EPR of Gd** in a Single Crystal of Thorium disulfide (ThS,)

G. Amoretti, D. C. Giori, and V. Varacca

Gruplpo Nazionale di Struttura della Materia del Consiglio Nuziouale delle Ricerche
and Istituto di Fisica dell’Universita, Parma, Taly

Z. Naturforsch. $6a, 1183—1188 {1981); received September 7, 1981

In this paper we report the experimental angular behaviour of the EPR specira for & single
crystal of i disulfide (ThSz) doped with Gd3+ a very low conceateation (of the order of
10 p.p.m.). The experimental datu are interpreted in terms of a spin Hamiltonian which reflects
the crystal field symmetry at the Th site, that is manoclinic C,, and therefore ahows that the
doping ions enter substitutionalty without lowering the site lynnur{. The low aymmetry and
thcnluﬂully' large values of the erysta) fiald parameters by® and byt ve mude it necessary to
wis & numerical fitting procedure, starting from the exact numerieal disgonalization of the
entrgy matrix for any given direction of the static magnatic field.

Superposition Model Analysis of the Spin Hamiltonian Parameters
of Two Gd** Doped Thorium Dichalcogenides

G. Amorctti*, C. Fava, and V. Varacea *
Istitute di Fisiea del) Universita, Purma, Ttaly

Z. Naturforsch. 374, 36— 345 (1982); received Junuary 8, 1982

The apin Hamiltonian parameters of Gd3* jn a single erystal of Thoriwm disulfide (This) are
nmlymrby meats of the superposition model, in its most general forn of u two exponents power
luw. In fuct, the approximated vne exponent power law is not suitable for this compound, where
the jon-ligand distances show a yuite Lurge wpread. The results of sthe analysis are then applial to
the case of Gil?r doped Thorium oxysultide (Ih)5), where the Ktting of the experimental data is
poasible only assuming some distortion of the ligaund cage.

The Refined Structure of ThS; and the Implications on the
Superposition Model Analysis of ThS,: Gd** Spin
‘Hamiltonian Parameters

G. Amoretti *, G. Calestani **, and D. C. Gjori *
University of Parma, laly

Z. Naturforsch. 39 a, 778782 ( 1984); received May 21, 1984

The crystal structure of ThS, has been refined starting from sinf!e crystal diffractomeiry data.

The accurate determination of the positional parameters aifows us to reexamine the SPM
anmalysis of the second chree crysial field parameters for Gd** in ThS; matrix. The fitting of the
EPR dawa is stll possible by means of a suitable two exponents power law for the inlrinsic
parameter only if the substitutional Gd** jon displaces in the mirror (bc) plane with respect 10
the undistorted Th** site. The resulting increase of the mean metal-ligand disiances agrees with
the expected expansion of the ligand cage around the trivalent Gd ion. The applicability of the
proposed method (o examine the impurity induced distortions in an host crystal is discussed too.

30



l"‘\_]

Gdy, Y 4,Be,Cu,0,
v = 36.66 GHz
i ¢ plane
b—t—

- K
i s —
Sal I/ Lt Widia
- - r PR ey (an)
nermabuand @ sach angle
1 ¢ diseciion _ . ldincl.inn'
-] 20 L) 60 80
- Angle
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Table |
Crysial field parameters in MH1 and g-vatue of Gd in YDBa;Cuy0,,, 31 ~35GHz and 77K, The T, ~ 70K for the x=0.7 material
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Fig. 2. The specira corresponding to fig | for }{ w0, 70 and 90

degrees. Fig. 3. Angular dependence of Gd ESR st K, -band for
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77 K. Note that, again, 1the lines in each measurements are not
error bara but line width (vertical line} and peak 10 peak inten-
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FIG. 1. ESR spectra of Eu;CuQy doped with 1.5 al.% Gd,
Laken at 9 GHz with the external magnetic field parallei to the ¢
axis. Notice the reduced intensity of the high-field fine-
sructure lines at 1.7 K. Also, notice thal due to the large
crystal-icld splitting, the ~ } = =} transition cannot be ob-
served at this frequency.

Gd*": Eu, Cu O,
f=35.4 GH,
T=77K
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FIG. 2. ESR spectrum of Eu;CuO, doped with 1.5 at. % Gd,
taken a1 35 GHz with the magoetic field parallel to the ¢ axis
Notice that at this frequency we do observe the low-feld
—f - § fine-structure line,

TABLE 1. Crystal-field parameters and gy values for dilute
Gd?* ioas in Eu;CuO..

Temperature 3] b? Frequency

{x) (10"*em™*) (16~Y¢m =) n {GHz)

5 —486(7) ~32{2} 1.82(1) 9.25

30 ~-492(7) ~32(2)  L.84(1) 925

84 =-=509(7) =37(2) 1.90(1) 9.25

77 -502(7) =372} 191(1) 9,00
7 —~524(10) -40(2) 1.94(1}) 354
Room -~505(10) ~40(2) 195(1) 2354

femperature

Racr/ T?Hra'r) OSO.TO'Q- ) Vier , Shatl t‘z,/ Thempsown , Chc,o»n,g and Fisk
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FIG. 4. The dc magnetization, M. vs magnetic feld applicd
paralict to the a-b plane for the following compounds at & tem-
perature of 77 X: {a) GdTbCuO,, {b) EuTbCuO,, (c) Gd;Cu0,,
{d) EuGdCuO,, (¢} SmGdCuQ,, (} Eu, ,Gdg,Cu0,, and (5}
Pr;Cu0,. The linear dependence at higher fields corresponds to
the paramagnetism of the R ions. When exirapolated back to
zero M., all the lines but the one for Pr;Cu0, intersect near a
reverse ficld, H,(0) =800 Oc.
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FI1G. 6. The internal field H, for Gd;CuO, am 77 K, obtsined
by extrapolating 10 zero magnetization once the linear region in
the magnetization has been established, is given as » function of
angle of the applied Beld 10 the CuQ); planes. The solid line cor-
responds to the best fit to H,(8)=H (0kosd with H,(0)=530
Oec. The cos8 dependence arises because we only measure the
component of M, in the direction of the applicd field, as dis-
cussed in the text.
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F1G. 17. Spectrum for a 0.3 mg single crystal of Gd,Cu0,
measured at 250 K and 35 GHz with the field applied ~ 5" from
the ¢ axis, so the low-ficld absorption, midfield absorption, and
Gd** EPR signals arc all resolved. The DPPH is used as a
marker. Notice the substantial shift from g=2.00 for the Gd**
EPR line.
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FI1G. 18. The field shifi of the EPR of the Gd'* ion in
Gd,Cu0,, relative to that for g=2, vs 8, the angle of the applied
ficld relative to the a-b plane for the temperatures and frequen:
cies indicated, Above 270 K, H, is basically independent of an-
gle, whereas below and down to ~ 19 K, there is the anisotropic
behavior shown. Inset. M, vs temperature for §=0" and 9.
Note the rapid changes in H, at temperaturesnear T, and 7.

S, Osvrv.gg et a?,./ Phys. Rev. B4t (1‘3‘30) 1334
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Fig. 1. The crystal structure of La.CuQ, (space
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and O sites indicate the directions of Lheir
displacemenis.
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