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The investigation of Gd3+—d0ped LaFs, LagoCep1Fs, CeFs,
LagoNdo1Fas, LiYFs, and 11Yo9Ybo1Fs single crystals at 4.2 K was car-
ried out in order to study the Gd®t —RE®** exchange interactions (RE = Ce,
Nd, Yb). The exchange interactions were estimated by the application of the
molecular-field model at liquid-helium temperature, using the g shift from
the isostructural diamagnetic hosts LaFs; and LiYFs to the paramagnetic
hosts. The lattice dynamics is studied by analysing spin-Hamiltonian param-
eters in the light of the superposition model and the rotational invariance
theory for phonon-induced contributions to spin-Hamiltonian parameters. It
is suggested from the rotational invariance mechanism for phonon-induced
contributions to spin-Hamiltonian parameters that the rotational contribu-
tions influence the exchange interactions significantly. Further, the distor-
tions caused by the La®*t /Ce®*  La®**/Nd®*, and Y?T/Yb** substitutions
affect significantly the 4f7 electron—phonon interactions, as well as the ex-
change interactions. The magnitude of the isotropic exchange interactions is
larger for more symmetrical charge distribution of the 4f7 shell.

PACS numbers: 63.20.Kr, 75.30.Et, 75.30.Hx, 76.30.Kg

1. Introduction

In our recent paper [1] the successful way was shown to study the lattice
dynamics (from ligands) using the electron paramagnetic resonance (EPR) tech-
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nique as well as the superposition model and the rotational invariance theory
for phonon-induced contributions to spin-Hamiltonian parameters (SHP). The
X-band (=~ 9.5 GHz) EPR studies of Gd3t-doped LaFj3, LagoCepFs,
Lap oNdg 1Fs, LiYF4, and LiYo 9Ybg 1F4 single crystals, in the temperature range
4.2-295 K, were carried out in order to investigate the Gd3T spin—phonon inter-
actions [1]. We concluded that the 4f7 electron—phonon interactions are strongly
dependent on the local structure deformation of the site symmetry of Gd3t ion.
Although the variation of the distortion of the local site symmetry is small, it
has a strong effect on the constant K5, which describes the coupling between 4 f7
electrons and whole phonon spectrum of the crystal lattice. The determined lattice
dynamics parameters 7 (describing the strength of the dynamical part of the crys-
tal field) and Rp (describing the ratio of the anharmonic contributions from the
rotation to contributions from the strain) also influence significantly the constant
K5 in the investigated crystals. Furthermore, the values of Rp in these crystals
show that the rotational contributions to the Gd3t SHP from phonons are much
smaller than those from the strain.

The purpose of the present paper 1s to study the effect of the crystal field
distortion and the lattice dynamics on the exchange interactions between Gd3+
and RE?* (RE = Ce, Nd, Yb) at liquid-helium temperature. We used the EPR
technique and the superposition model, because they are very sensitive to the dis-
tortion of the crystal lattice. We have chosen the Gd3t-doped LaF3, Lag.oCeq.1F3,
LaggNdg 1Fs, LiYF4, and 11Yg 9Ybg 1 F4 single crystals to compare how different
crystal field symmetries can change the spin—phonon interactions. In addition, we
used SHP for CeF3 single crystal from Ref. [2]. We have adopted the theory of the
rotational invariance for phonon-induced contributions to SHP developed by Bates
and Szymeczak [3, 4] which gives more precise description of the observed contri-
bution to SHP from lattice dynamics. The previous results of temperature EPR
(X-band) studies in Gd®*-doped LaFs, Lag 9Ceg 1F3 (and measured presently in
the temperature range 4.2-50 K), Lag 9Ndp.1Fs, LiYFy4, and LiYooYbg 1F4 sin-
gle crystals have been used to investigate the influence of structural and crystal
field effects, as well as lattice dynamics (from ligands) on the exchange interac-
tions between the impurity and the host paramagnetic ions. The above samples
are the crystals for which well-resolved EPR, spectra can be recorded down to
liquid-helium temperature.

2. Results and discussion

The crystal growth and crystal structure have been given in Refs. [1, 5-9].
The experimental arrangement has been described elsewhere [9]. The angular varia-
tiOIl fOI' Gd3+—doped LaFg, Lao.gceo.ng, Lao.gNdo,ng,, LiYF4, and LiYo.ng0.1F4
single crystals in the ZX plane was shown in Refs. [9-12]. EPR spectra are con-
sistent with the rthombic Cs, site symmetry for the Gd3* ion in the ng trigonal
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symmetry of lanthanum fluorides, and the tetragonal D54 site symmetry of lithium-
-yttrium fluorides. The determined g-factors of Gd3+ for the Z and X directions
in the above single crystals at liquid-helium temperature were used in order to
estimate the isotropic exchange interaction.

The average Gd3t-RE3t pair exchange-interaction constant J,
(Hp = J,5- S1) is estimated for the paramagnetic host LagoCep1F3, CeFs,
Lap 9Ndo1F3, and LiYg.9Ybo 1F4 using the molecular-field model [9, 13, 14]. In
the Hamiltonian of pair-exchange interaction H, the symbols § and S; are the
spin operator of Gd** ion (S = %) and the effective spin operator of host ions, re-
spectively. From this model, the total exchange interactions J between Gd3* and
its nearest and/or next-nearest paramagnetic RE3* neighbours can be expressed

as follows [9, 13, 14]:
J =2y =2gt — 92 )usB/(Py = P1), (1)

where z is the number of nearest and/or next-nearest neighbours paramagnetic
RE3* ions surrounding Gd3* dopant ion in the investigated single crystals, the
remaining ions are the diamagnetic La3t or Y37 ions, giving no contributions to
exchange interactions (it is noted that z = 12 for Gd®*-doped CeF3, NdF3, and
z = 8 for LiYbFy4, whereas z = 1 for Gd3t-doped Lag.9Ceo.1F3, LagoNdo1F3, and
LiYo.oYbo 1F4 [6, 9]). The ¢%, and g%, are the g-tensor values of Gd®* ion in the
isostructural paramagnetic (Lag9Ceq1Fs, CeFs, LagoNdo1Fs, LiYooYbg1Fa4)
and the diamagnetic (LaF3, LiYF4) hosts in the Z direction, respectively. Fur-
thermore, pp is the Bohr magneton, B (= 340 mT) is the average magnetic field
for X-band EPR of Gd3t, P; and Ps are the probabilities of occupation of the two
lowest levels 1n the 2F5/2, 419/2, and 2F7/2 ground terms of Ce3t, Nd3t, and Yb3+
host 1ons, respectively. These ground terms split in the presence of the thombic and
tetragonal crystalline electric fields into three, five, and four Kramer’s doublets,
respectively. However, at liquid-helium temperature only the lowest ground-state
doublet is expected to be populated and consequently the effective spin of the host
ions is S1 = %

Assuming the Boltzmann distribution, the probabilities are

2
Py = exp(—Ei /kT)/ > exp(—E; /kT), (2)
i=1

where F; and Es are energies of the lowest ground-state doublet of RE?7 ion and
k is Boltzmann’s constant.

The energies ) and 5 can be expressed as follows:

By = —g1.p8B/2, (3)

E2 = ng/,LBB/Q, (4)
where g1, is effective g-factor in the Z direction of RE3* host ion.

The values of g-shifts Ag,, = ¢2, — g%, and Agyr = g2, — g¢, determined
on the basis of the g values in the paramagnetic and diamagnetic hosts are given



448 M.L. Paradowsk:, L.E. Misiak

in Table I (it is noted that ¢¢, = ¢4 = 1.976 for Gd3*-doped LaF3 [15] and
g%, = 1.9900, g4, = 1.9897 for Gd3*-doped LiYF4 [9]). The results are pre-
sented in Table I. The values of ¢g-shifts and effective g-factor for Lag ¢Ceg1F3
were determined in this paper using the results of EPR and magnetic susceptibil-
ity measurements, respectively. The g1, and g1, values were extrapolated from the
formula (4) given in Ref. [16] using the linear scaling of magnetic susceptibility
with the mole fraction # of the diamagnetic La ions [17]. (In this purpose, the
upper limit of the susceptibility for the X direction was determined for CeF3s in
the powder [18] and in the single crystal along the ¢ axis [19] and a axis [16].)
There is a good agreement of the value g1, = 0.881 with those equal to 0.90£0.02
for 1% Ce3* in LaF3 measured at 20 K by Baker and Rubins [20]. Further, using
the values of effective g-factor g1, and g1, for the Z and X directions, respectively,
the calculations from Eqs. (1)-(4) give the average values of Gd**—RE3* pair
exchange-interaction constants Jp,. The plot of absolute value of Gd3+* —RE?* pair
exchange-interaction constant J, versus average distance R,y between the Gd3t
and RE3T ions is given in Fig. 1. It can be seen that this dependence is different
than those J, ~ ™2 or J, ~ R~1? as reported by Misra and Kahrizi [14].

TABLE 1

Values of the Gd*T-RE®* pair exchange-interaction constant J, in the
investigated crystals at liquid-helium temperature are determined from
Egs. (1)—(4). Values of g-factors and g-shifts Ag.. = g%, — g2, and
Agoe = g8, — g2, for Gd®t-doped crystals, as well as values of the
effective g-factor g1, and g1, for the host paramagnetic ions for the Z
and X directions, respectively, are also included.

Crystal | LaggCeo1F3 CeF; LagoNdo1Fs | LiYooYbo1Fs
g2, 1.9842(3) 2.054(1)* 1.9629(5)° 1.9661(15)7
g2, 1.9812(3) - 1.9993(8)° 1.9757(25)7
Az 0.0082(3) 0.078(1) —0.0131(5) —0.0239(15)7
Agaa 0.0052(3) - 0.0233(8) —0.0140(25)7
g1z 0.7056 1.03% 2.40¢ 1.33089
Gz 0.8810 - 1.092¢ 3.9179

Jo [GHz] | —3.07(0.14) | —2.21(0.34) | —2.78(0.16) 3.8(0.3)f

9Ref. [2], *Ref. [16], “Ref. [11], Ref. [21], Ref. [20], FRef. [9], IRef. [22]

It is expected that the exchange paths between Gd3t and RE3' ions take
place via the intermediary of 2s and 2p orbitals of ligand F~ ions in the investigated
crystals. Therefore, it 1s very important to analyse the influence of a distortion
of the crystalline electric field in the surroundings of the Gd®t ion and lattice
dynamics from ligands on the exchange interactions between Gd®+ and RE3* ions
at liquid-helium temperature. In this purpose we adopted the superposition model
[23, 24] and the rotational invariance theory for phonon-induced contributions to
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Fig. 1. The absolute value of Gd*t —RE?T pair exchange-interactions constant J, as a
function of the average distance R,, between Gd3t and RE*Y ions in the investigated

crystals.

SHP [1, 3, 4]. The rigid-lattice value bo(RL) of the intrinsic parameter by (i.e.
the value of bs at 7 = 0 K minus zero point vibrations), for Gd3*-doped all
investigated crystals, was taken from Table in Ref. [1]. Further, the value of the
intrinsic parameter by for Gd3*t-doped CeF3 single crystal was evaluated from the
superposition model using the values of b9 and b2 from Ref. [2]. These values at
4.2 K were determined by extrapolation of the square function [7, 9, 11, 12]. We
have determined b9 = 0.5956+£0.0200 GHz and b2 = —0.0140.05 GHz at 4.2 K for
Gd3*-doped CeF3. Finally, using the above results and the superposition model,
we have received by = —3.6216 & 0.0300 GHz. The EQ(RL) was determined using
the fitting of by to temperature 7' in the range 200-373 K from the following
equation [1]:

_ _ 4 pOp/T 23
bo(T) = ba(RL) + K5 1—1—8% ; ex—ldx , (5)

where K is the coupling constant describing the magnitude of Gd3* spin—phonon
interaction and fp is the Debye temperature (fp = 397 K for CeFs [25]). We
have determined, for example, that parameter bo(RL) = —4.5202 + 0.0300 GHz
for Gd3*t-doped CeFs.

The anharmonic contribution from the strain §D to the SHP D (= b9) is
given by the relation [1]:

6D = p[bo(T) — bo(RL)], (6)

where p = 0.67 for La;RE1_;F3s and p = 0.78 for LiY;_,Yb,F4 in the investigated
temperature range 4.2-295 K.
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Further, the anharmonic contributions from the strain 6D and from the
rotation 6D, to D are given by the equations [4]:

—h
oD = 32712p (G114 Giz2 + Gis) (v7° +207°) f (wp, T), (7)
and
_ - -5
6D: = g DV f(wn 1), (8)

where G111, Gi2, G13 are the components of the Aj-type magnetoelastic tensor
(fully symmetric deformation), p is the density of the crystal, v and v are the
longitudinal and the transversal velocities of sound, respectively, and

kTN oo/T g3
f(wD,T):w]%—i—S(?)/o T d, (9)

e’ —1

where hwp = kfp.

The values of sound velocities at liquid-helium temperature were calculated
using elastic constants from Refs. [26, 27] for the elastic waves polarized in the
[100], [010], and [001] directions.

The ratio of the anharmonic contributions from the rotation (6D;) to con-
tributions from the strain (60) is given by the relation [4]:

6Dy

The Gd3* spin-phonon interaction constant K from Eq. (5) can be expressed in
terms of the magnetoelastic tensor components as follows [1]:

—hw% (01_5 + 21}{5)
32pm2p

Ky = (G11+ G2+ Gis) . (11)

The parameter 7, describing the strength of the dynamical part of the crystal field,
is evaluated from the formula [1]:

6D
=2 (12)

On the other hand, the parameter 7 is defined by the expression [28]:

_ ()

n RZ (13)
where (u?) is the mean square displacement of ligands from their equilibrium
positions, and Ry is the equilibrium minimal distance between the rare-earth ion
and ligands.

The calculations from Eqgs. (6)—-(10) yield the values of anharmonic contri-
butions from the strain 6D and from the rotation 6 Dy, the sum values of magneto-
elastic tensor components G = G114+ G124+ G13, and the ratio Rp (Table IT). The
results of the ratio Rp for the investigated samples at liquid-helium temperature
are in agreement with those obtained in Ref. [4], using the isotropic continuum
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TABLE 11

Values of the lattice dynamic parameters K2, 6§D, 6D;, G, |Ropl|, n,
and u for the Gd*t-doped crystals at liquid-helium temperature are
determined from Egs. (6)-(13). The D is the static b3 parameter,
and Ro is the equilibrium reference distance between Gd3t and F~
ions at liquid-helium temperature. The parameters Rp and % are

dimensionless.
Crystal LaF3; LaggCep1Fs LaggNdo.1F3
K> [GHz] 0.5334(200) 0.5284(305) 0.6638(314)
D [GHz) 0.6970(20) 0.6980(33) 0.6523(47)
6D [GHz] 0.3574(134) 0.3540(204) 0.4448(210)
6D; [GHz] x 107° | —231.9(0.7)% | —233.0(1.1)% —219.4(1.6)*
—210.3(0.6)° | —211.3(1.0)° —198.9(1.4)°
G [GHz] —53.39(2.00)% | —52.70(3.04)* | —65.73(3.11)°
—58.56(2.20)° | —57.79(3.34)" | —72.09(3.41)®
|Rp| x 1072 6.49(0.26)* 6.58(0.41)* 4.93(0.27)°
5.88(0.24)° 5.97(0.37)° 4.47(0.24)°
nx 1072 6.69(0.50)* 6.72(0.78)* 6.77(0.64)*
6.10(0.46)° 6.13(0.71)° 6.17(0.58)°
Ro [A] 2.4146 2.4127 2.4093
u [A] 0.1975(74)* | 0.1977(114)° 0.1982(94)*
0.1886(71)" | 0.1888(109)° 0.1892(90)"
Crystal CeF LiYF, LiYo.eYbo.1 Fs
K> [GHz] 0.8986(600) 0.1662(164) 0.2043(267)
D [GHz) 0.5956(200) ~2.6002(17) ~2.5644(40)
6D [GHz] 0.6020(402) 0.1297(128) 0.1593(208)
6D [GHz] x 107° | —200.9(6.7)% | 448.9(0.3)° 421.0(0.7)°
—182.3(6.1)° | 449.6(0.3)° 421.6(0.7)°
G [GHz] —88.68(5.92)% | —36.87(3.65)* | —47.66(6.23)°
—97.18(6.49)° | —36.21(3.58)" | —46.81(6.12)°
|Rp| x 1072 3.34(0.33)* 34.62(3.45)° 26.42(3.49)°
3.03(0.30)° 34.68(3.45)° 26.46(3.50)°
nx 1072 6.79(0.91)* 3.52(0.70)* 3.34(0.87)¢
6.19(0.83)° 3.58(0.71)° 3.40(0.89)°
Ro [A] 2.3959 2.2617 2.2590
u [A] 0.1974(132)% | 0.1341(133)¢ 0.1306(172)°

0.1886(126)°

0.1353(135)°

0.1318(174)°

“determined for elastic waves polarized in the [001] direction;
bdetermined for elastic waves polarized in the [100] and [010] directions

451
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phonon model for orbital singlet ions in low symmetry crystal field; i.e. the rota-
tional contributions are much smaller than those from the strain. The determined
from Eqgs. (11)—(13) values of the coupling constant Ko, the parameter n and
the amplitude u of ligand vibrations in the investigated samples at liquid-helium
temperature are also given in Table II. It can be seen that the values of the dy-
namical parameters GG, Rp, 7, and u determined for the elastic waves polarized
in the [001], and [100], [010] directions, differ slightly almost in the range of errors.
The differences of the dynamical parameter 6D, in these directions are due to
small anisotropy of transversal sound velocity. It confirms correctness of the ro-
tational invariance theory used for the phonon-induced contributions to SHP for
orbital singlet ions in low symmetry crystal fields at liquid-helium temperature.
Furthermore, the same order of magnitude of amplitude u as in present paper is
determined from a model of the transferred hyperfine interactions of 19F ligands
with Gd3t in PbF2 and SrFa [29].

The coupling constant K can be expressed using Eqs. (7), (8), (10), and
(11) in the simpler form

—hwd Du;®

Ko= ——————.
2 32pm2pRp

(14)
The Gd3* spin-phonon coupling constant K» versus the dynamical parameter |Rp|
for the investigated Gd3*t-doped crystals in the temperature range 4.2-295 K is
plotted in Fig. 2. It can be seen that the dependence is stronger in the case of lower
distortion of the crystal symmetry. The thombic Cs, site symmetry for the Gd3+

w O 7 [ T T T T T T T T T ]
N o
o —
' 06F & LaggNdg4Fsy | ]
O LaggCeq1Fs
05K B
+ LaF,
o4l % v LivF, 1
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0.3F —_— A
02r B
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Fig. 2. The 4f7 electron-phonon coupling constant K» as a function of the absolute
value of the ratio |Rp| of the anharmonic rotational to the vibrational contributions for
elastic waves polarized in the [001] direction for Gd**-doped investigated crystals in the

temperature range 4.2-295 K. The parameter Rp is dimensionless.
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ion in the D}, trigonal symmetry of lanthanum—(rare-earth) fluorides is lower than
the tetragonal Dag site symmetry of lithium-yttrium—(rare-earth) fluorides. This
shows that the lowering symmetry of the crystal field changes significantly the
4f7 electron—phonon coupling constant K. The coupling constant K5 for Gd3+
in CeF3 is the largest and equal to 0.8986 £ 0.0600 GHz, whereas the absolute
value of the dynamical parameter |Rp| is the smallest and equal to 3.34 4 0.33 at
4.2 K (Table IT). It can be concluded on the basis of Fig. 2 that the site symmetry
of Gd3t in CeFs is Oy at 4.2 K because O is lower than Cs,. This conclusion
is supported in Ref. [30]. There is a significant effect of the masses difference of
composite ions and complexity of the crystal on the dynamical parameter Rp (see
Table I1). The ratio [Rp|, which describes dynamics, is one order of magnitude
larger in lithium-yttrium—(rare-earth) fluorides than in lanthanum—(rare-earth)
fluorides.

Below we analyse the influence of the dynamical parameters Ky and Rp on
the exchange interactions constant J, between Gd3t and RE3t ions. We have
plotted the relations |J,| versus K3 in Fig. 3 and J, versus Rp in Fig. 4. There
are strong linear correlations between the values of these parameters. The coef-
ficients of correlation are equal to 0.9995 and 0.9990 for the plots in Fig. 3 and
Fig. 4, respectively. Such strong correlations suggest the existence of a common
mechanism responsible for the 4f7 electron—phonon and exchange interactions.
The mechanism may be related partly to the polarization of ligand F~ ions. The
polarizability depends on the surroundings of the F~ ions, and it is larger in LiYF4
than in LaFs. The electrostatic polarization of ligands, caused by the distortion of
lattice, can produce a large contribution to the b5. Further, the distortions caused

4.5 T T T T T T T T

T=42K
LiYggYbgFy: Gd**
Lag gCeg {F4 : Gd*
Lag oNdg {F4 : Gd**
CeF,: Gd*

[J,| [GHZ]

0.2 0.4 0.6 0.8 1.0
K, [GHz]
Fig. 3. The absolute value of the exchange interactions constant |J,| for Gd**-RE**
pair in the investigated crystals as a function of the 4f7 electron-phonon coupling con-

stant K> at liquid-helium temperature.
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Fig. 4. The exchange interactions constant J, for Gd** —RE®* pair as a function of the
ratio Rp of the anharmonic rotational to the vibrational contributions for elastic waves
polarized in the [001] direction for Gd®**-doped investigated crystals at liquid-helium

temperature.

by the La3t /Ce3t, La3t/Nd3t, and Y3t/Yb3t substitutions, affect significantly
the 4f7 electron—phonon and exchange interactions. The lattice dynamics due to
the strain (6D) and due to the rotational-type displacements of the ligand F~
ions (8D,), as well as the temperature-induced distortion of a Gd3* site sym-
metry, can change the charge distribution of the 4f7 shell. The increase in the
temperature-induced distortion of the Gd3t site symmetry and of the K5 value,
causes the decrease in the J, absolute value (see Fig. 3). On the other hand, the
increase in the Rp value causes the increase in the J, value (see Fig. 4). Thus,
the larger rotation-type displacements of the F~ ions in LiYy 9Ybg 1F4 crystals,
contrary to Lag.9Cep 1Fs, LagogNdp.1Fs, and CeFs crystals, cause additional po-
larization of the 4f7 shell. These static and dynamic effects can cause a more
spherical distribution of the 4f7 electrons in LiYy.oYbg.1F4 than in CeFs. Such
mechanism explains stronger isotropic exchange interactions between Gd3* and
Yb3t in LiYg.0Ybo1F4 than that between Gd3F and Ce®t in CeF3, as shown in
Fig. 1.

Since the lattice dynamics from the ligand F~ ions influence significantly
the isotropic exchange interactions of the Gd®t-RES3* ions, it is important to
study spin—spin relaxation. The spin—spin relaxation time 72, arising from strong
dipole—dipole interactions between Gd3+ and RE3? ions, can be determined from
the equation [31]:

1
2rAY’ (15)
Using the relation given by Van Vleck [32]:

o~
~
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2Av = 2.35V/({Av?)ay, (16)

the final form is as follows:

1

I e ——
* 7 935m/(Ar)ay

where (Av?),, is the second moment (mean-square power frequency deviation

(17)

from Larmor frequency vg) of the resonance line. According to Van Vleck [32], the
second moment can be obtained from the relation (14) in Ref. [11].

The spin—spin relaxation times 72, determined from Eqs. (17) are equal to
(6.37 &£ 0.16) x 10~ (2.65 £ 0.02) x 10~ (1.56 £ 0.05) x 10~ and
(5481021) X 10_11 sat 4.2 K fOI' Gd3+—doped Lao.gceo.ng, Lao.gNdo.ng, Cng,
and LiY g 9Ybg 1 F4, respectively. It can be seen that 7 is larger approximately by
factor 2 in Lag 9Cep.1Fs than in Lag gNdg.1F3. It is confirmed by the determined
spin-bath (liquid-helium) relaxation time 7, that is one order of magnitude larger
in Ce3* (1%)-doped LaFs than in Nd3+(1%)-doped LaF3 crystal [33]. The smallest
value of the spin—spin relaxation time 7o was determined in Gd®t-doped CeF3 crys-
tal. Further, in Gd3t-doped LiYo.0Ybo.1F4 crystal the spin—spin relaxation time
79 is close to that in Gd3t-doped Lag.oCeo.1F3. Thus, the fast spin—spin relaxation
can cause weakness of the isotropic exchange interactions (J,) between Gd3* and
Ce?t in CeFs, as well as that between Gd3t and Nd3* in Lag 9Ndg.1Fs. This effect
may be related to the mechanism discussed earlier that induces deformation of the
charge distribution of the 4f7 shell. The sign of the isotropic exchange interac-
tions constant J, can be explained by differences in crystallographic structure of
the investigated crystals. The Gd3t —Ce3t pairs in Lag.oCeo1F3 and CeFs, and
Gd3+ —Nd3t pairs in Lag.oNdp.1F3 have their magnetic moments ordered antifer-
romagnetically. On the other hand, the Gd3+—Yb3* pairs in LiYo.6Ybo.1F4 have
their magnetic moments ordered ferromagnetically.

3. Conclusions

It is concluded that the Gd**—RE3* (RE = Ce, Nd, Yb) isotropic exchange
interactions are strongly dependent on the local structure deformation of the site
symmetry of Gd3t ion. Although the variation of the distortion of the local site
symmetry is small, it has a strong effect on the constant J, which describes
the isotropic exchange interactions between Gd3* and RE3% ions in the inves-
tigated Lag o9Ceq 1Fs, LaggNdg 1Fs, CeFs, and LiYg 9Ybg 1F4 single crystals at
liquid-helium temperature.

The isotropic exchange interactions constant Jp, is stronger in LiYq.9Ybo.1F4
than in CeF3, as well as in Lag 9Ceo.1F3 than in Lag 9Ndp.1Fs due to the smaller
temperature-induced distortion of Gd3% site symmetry in LiYg.6Ybo.1F4, contrary
to CeFg, as well as in Lag 9Ceq.1F3, contrary to Lag gNdg.1Fs. The temperature-
-induced distortion of the lattice causes the lowering of the symmetry of Gd3t
surrounding in Gd3t-doped Lag.oCeq.1F3, Lag.oNdo 1 F3, and CeF3 crystals at low
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temperatures. The lattice dynamics parameters Ks and Rp caused by the static
and dynamic distortions influence significantly the isotropic exchange interactions
of GA3F (4f7) with Ce3t (4f1), or Nd3F (4f3), or YB3+ (4'3) ions in the inves-
tigated crystals. The dynamic contribution due to the rotation (§D;) causes more
symmetrical distribution of the 47 electrons. On the other hand, the dynamic con-
tribution due to the strain (D) and the static contributions due to the deforma-
tion induced by the substitution of ions, as well as due to the temperature-induced
distortion, cause the less symmetrical charge distribution. This effect is reflected
in the magnitude of the isotropic exchange interactions that is stronger for more
symmetrical charge distribution of the 4 f7 shell. In this paper we have shown the
successful way to study the isotropic exchange interactions in the light of lattice
dynamics (from ligands) using the EPR technique and the superposition model, as
well as the rotational invariance theory for phonon-induced contributions to SHP
from the lattice anharmonicity.
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