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EPR experiments in LiTbF,, LiHoF,4, and LiErF, at submillimeter frequencies
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Laboratoire de Physique des Solides de I'Ecole Normale Superieure,! 24 rue Lhomond, 75231 Paris, France

P. Beauvillain
Institut d’Electronique Fondamentale,® Batiment 220, Universite Paris Sud, 91405 Orsay, France

I. Laursen
Department of Electrophysics, The Technical University of Denmark: DK 2800, Lyngby, Denmark
(Received 12 March 1979)

Electron-paramagnetic-resonance experiments in LiTbF4, LiHoF,, and LiErF4 have been per-
formed at frequencies between 70 and 600 GHz, in magnetic fields up to 60 kG and in the tem- -
perature range 1.4 < T < 25 K. The experiments yield precise information on the lowest levels
of the rare-earth ions. We investigated the resonance line position and the linewidth as a func-
tion of frequency and temperature. The g values and the couplings between the lowest levels
are determined. The local field around the magnetic ion is measured directly and the Curie
constant @ can be calculated. The results give the single-ion parameters appropriate to a
description of the low-temperature magnetism in these compounds. '

I. INTRODUCTION

The LiY,_xRF, series, wher,e R is a rare earth,
have attracted considerable interest primarily because
they are efficient laser host ma»terials.l

In the dilute materials, LiY;_,R.F,, Sattler and
Nemarich? have observed the EPR spectra of Nd**,
Dy3*, Er**, and Yb**. The Tb** spectrum has been
observed by Laursen and Holmes® and the Ho®*
spectrum by Magarifio et al.*

+ The magnetic properties of the LiR F, compounds
also present a great theoretical interest due to the
-simplicity of these materials. They consist of fairly
:_*fonic atoms with high-point tetragonal symmetry
(S4), the rare earths being primarily coupled through
dipolar forces.

- The magnetic properties of LiTbF, have first been
observed by Holmes et al.’ by magnetic-susceptibility
measurements. They showed that LiTbF, is fer-
:romagnetic below T¢=2.86 K with the magnetic mo-
ment along the tetragonal T axis, and that the
_predominant contribution to the Curie-Weiss tem-
perature, ®¢, comes from the dipolar forces. The
precise comparison between dipolar 'and exchange in-
teraction has been made by quasielastic-neutron-
scattering experiments.® It confirmed that the dipolar
interactions are more important than the exchange
.interactions. "

LiHoF,4 and LiErF, have been studied by Hansen
et al.” Their magnetic-susceptibility measurements
showed that LiHoF, is ferromagnetic, with the mag-
netic moment along the € axis: N¢ ordering was ob-
served in LiErF, which was predicted by these au-
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thors to be ferromagnetic. The crystal-field parame-
ters were determined in the two materials. The fer-
romagnetism.in LiHoF, has also been studied by
Cooke et al.® which determined the transition tem-
perature T¢c =1.53 K. The magnetic interactions are,
similar to LiTbF,, the dipolar interactions being.
predominant. ‘

The magnetic susceptibility in LiErF, was studied
by Beauvillain et al.? at *He temperatures: LiErF, is
antiferromagnetic, Ty =0.38 K and the magnetic mo-
ments are perpendicular to the T axis in agreement
with the theoretical prediction of Misra and Fel- .
steiner.!® Beauvillain et al.!! have recently studied
LiDyF,, which shows properties similar to LiErF,,
with Ty =0.581 +0.05 K. )

The optical absorption spectra of LiTbF,, LiHoF,,
and LiErF,4 have been studied by Christensen!?!3 and
the crystal-field parameters have been determined.,

The singular properties of LiTbF4 and LiHoF,
which are good models of dipolar uniaxial ferromag-
nets are very important for the study of critical
phenomena. For Ising dipolar ferromagnets at d =3,
the critical behavior can be calculated exactly'*!® and
apart from logarithmic corrections, the classical Lan--
dau theory of second-order phase transitions can be
applied. _

The critical properties of LiTbF, have been studied
by specific-heat,'$:!” neutron scattering,'*~2° and opti-
cal’ measurements. For LiHoF, the critical prop-
erties have been analyzed by susceptibility measure-
ments?%?

We report here, EPR experiments at millimeter -
and-submillimeter frequencies 70 < v < 600 GHz and

18 ©1980 The American Physical Society
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in magnetic fields up to 60 kG in LiTbF,; LiHoF,,
and LiErF,;. The resonances between the lowest lev-
els have been observed for the three compounds.
The temperature dependence of the linewidths has
been studied for LiTbF4 and LiHoF;. Resonances
due to rare earths and other (iron) residual impurities
are also observed but are not analyzed here. EPR
experiments on these crystals give information on the
crystal-field parameters by the observation of the po-
sition in field and by the linewidth dependences of
the resonance lines with respect to frequency and
temperature. They also give information on the mag-
netic parameters by the direct observation of the
internal fields in the crystal which produce shifts in
the resonance positions. These results give the
parameters which are necessary for a detailed descrip-
tion of the magnetism in LiTbF,, LiHoF,, and LiErF,
and for the critical properties of these compounds.
We reported earlier some preliminary results?*

The LiTbF,, LiHoF,, and LiErF4 samples used in
this study were single crystals grown by Hansen and
Laursen by a hydrofluorination method described in
Ref. 3. Either spheres or parallelepipeds were used.

The microwave and cryogenic setups have been
described elsewhere.*

II. EXPERIMENTAL RESULTS
AND INTERPRETATION

A. LiTbF,

Two single crystals were used, one parallelipedic
(sample 1) the other spherical (sample 2). Only one
resonance signal due to the Tb*>* ions was observed
in the whole range of frequencies and temperatures.
The resonance line was broad at low frequencies
(70 < v < 135 GHz) and narrowed as the frequencies
increased. Figure 1 shows recorder traces taken at
different frequencies at 7 =4.2 K for sample 1. The
hyperfine structure from the 100% abundant isotope
159Tb with nuclear spin / = % consists of four equally

spaced resonances lines. It was only resolved for
sample 2, and only at the highest frequencies (Fig.
2). The spacing between the hyperfince resonance
lines is A =250 +5 Gauss for H IIT in agreement with
the values obtained for the dilute material by some of
the present authors,”” 4 =252 +5 Gauss, and by |
Laursen and Holmes, 4 =252.9 +0.5 Gauss.’

The angular dependence of the resonance line in
the (c,a) plane, shown on Fig. 3. displays a very
large anisotropy and confirms the Ising behavior.
Figure 4 shows the frequency dependence at 4.2 K of
the resonance line as a function of the magnetic field.
These frequency field dependences of the resonance
signal for H IIT have been also studied at T < 1.5 K
in the ferromagnetic phase. At high frequencies
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FIG. 1. Recorder traces at three frequencies for sample 1
of LiTbF,. The small resonances observed are due to im-
purities.
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FIG. 2. Recorder traces at 467 GHz for sample 2 of
LiTbF,;. Resonance 1 and 3 are produced by impurities.
Resonance 2 is a forbidden hyperfine transition.
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FIG. 3. Angular dependence of the main resonance at
289 GHz for H in a (¢,a) plane in LiTbF, (sample 2). Dots,
experiment; continuous line, a guide to the eye.
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_FIG. 4. Frequency vs magnetic field of the resonance for
HIITin LiTbF, (sample 2). Dots, experiment; continuous
line, theory.

(v > 135 GHz) for which the sample is saturated, the
experimental results are similar to those obtained at

T =42 K. At low frequencies (70 < v < 135 GHz),
attempts to observe more clearly the ferromagnetic
resonance were unsuccessful. This is probably due to
the existence of domains below T¢.?

Figure 5 shows the temperature dependence of the
linewidth of the resonance line for two different fre-
quencies in the temperature range 1.4 < T <25 K
for sample 2.

In a crystal field of S4 symmetry, the (2J +1)fold
degenerate ground term ’Fg of the non-Kramers Tb**
ion (4s®) splits into 10 levels (3 doublets and 7
singlets),

7F(,"'3r1 +4F2 +3F3'4 .

The T'; 4 doublets correspond to pairs of singlet
representations. The optical measurements of Ref.
12 shows that the two lowest levels for two I',
singlets approximately 2 cm™! apart. The other levels
are at 100 cm™! above.

The corresponding wave functions of these two
levels have the general form

IT4) =, (”®| +6) —e"*| —6))

+8,(e"| +2) —e 7| -2)) . (1)

The large experimental value gz =17.85 (see
below) suggests that these wave functions are made
up mainly of |Jz) =6 states.

The magnetic field dependence for H IIT of these
levels can be obtained from the effective spin Hamil-

(kG)

LINE WIDTH

i BRI B
0 5 10 15 20 25

TEMPERATURE (K)

0 N PR T

_‘FIG. 5. Linewidth vs temperature of the resonance for
HIIT in LiTbF,4 (sample 2). (a) v=456.5 GHz. (b) v=285
GHz. Dots, experiment; continuous line, theory.



21 EPR EXPERIMENTS IN LiTbF,, LiHoF,, AND LiErF, AT . . . 21

tonian with S =—;—,3

3 =gz}L5HzSz + ASx +ASzlz , (2)

where A is the zero-field splitting of the two I'; levels
and A is the hyperfine constant.
The energy levels are given by
E(mg,my) = my[(gzpupHz + Am)? + A2, (3)
where m, =%+ and m,=i-%, i%.
The transitions induced by a microwave field
Amg=1, Am; =0 are given by

hv=[(gz}l,|;Hz +Am,)2+A2]‘/2 , (4)

where H7 is the local magnetic field related to the
external magnetic field, Hy, by the relation

HZ=H0,+(K—41TN¢/V)MZ , (5)

where A is the molecular-field constant, N, is the
demagnetizing factor, V is the gram ionic volume,
and M is the magnetization which depends on the
temperature, and implicitly depends on the local field
via the expression

Mz _ gzusHz
Mo  [(gzusHz)? + A2
X tanh Elc—f[(gzﬂnﬂz)z +A21'20 0 (6)

M, is the saturation magnetization. The hyperfine
structure is neglected for simplicity. In expression
(5), the X constant contains only the dipolar contri-
bution when the spins contribute to the same hyper-

fine signal, and the dipolar and exchange contribu-
tions when the spins contribute to different hyperfine
signals.=2® As the material is primarily dipolar cou-
pled, the A constant has practically the same value as
the molecular-field constant obtained from suscepti-
bility experiments. The Curie temperature ®¢ can be
determined from the value of the molecular-field
constant A according to

8z 1B
Oc Sk M, . @)

The best-fit values for the parameters of the spin
Hamiltonian (2) and for the Curie temperature are
given for the two samples used in Table I where they
are compared with other experimental results. The
low-temperature ferromagnetism in LiTbF, is
described using a fundamental doublet with
8z=17.85 0.1 and g, =g, =0. The Ising behavior is
a consequence of this anisotropy of the g factor. The
dipolar contribution to the Curie constant is predom-
inant.>%2* The splitting A measured directly in our
experiment is the parameter which determines the
validity of application of the Ising model. We find
A =30 + 10 GHz which is close to the value found in
LiYF4:Tb3*.2° The experimental error is large. It is
a consequence of the poor precision in the line posi-
tion due to the large linewidth in the low-frequency
region (70 < v < 135 GHz). The ratio A/kT¢ =9.50,
Tc=2.86 K, is an important parameter for a detailed
description of the system, the critical parameters be-
ing possibly affected by a finite A/kT¢ ratio.!®

The frequency and temperature dependences of the
linewidth have been analyzed in terms of the line

TABLE L. Values for the best-fit parameters obtained in LiTbF, from the frequency dependence
of the resonance line. The values of several of these parameters obtained from other works (see

Refs. 3, 5, and 6) are included for comparison.

€z [}\ - iV’T—Nc]Mo «G) A (GH2) -4311vc 8¢ (K)
Sample 1 17.85 £0.1 2.5+0.1 30 47 x024  355+0.1
Sample 2 17.85 £0.1 1.3+0.1 30 4n/3 3.58 +0.1
LiYF,: T3+ 17.85 £0.1 28 +2
LiYF,4: T3t 17.7£0.2 27.98 £0.06
Ref. 3
Susceptibility 17.8 3.6 £0.1
Ref. 5
Neutrons 3.55+0.3

Ref. 6
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moments theory developed by Kambe and Usui®® and
McMillan and Opechowski.2” Precise experiments of
these dependences have been performed by Svare
and Seidel?® on Nd(C,H;sS0,); - 9H,0, NiSiF¢ - 2H,0,
and K,Cu(SO,), - 6H,0.

According to these theories, the second moment of
the resonance line is

Tr {6 (30 [(M_,5¢), (. M.)])
Trlb () (M_,M )]

h? (V) = , (8)
where 3¢is the truncated Hamiltonian?® and the
operators M, and M_ are defined by

| (n|M|n"y , E,<E,
(nIMiln'y =g " otherwise |,
|M|n'y, E, <E,

(n
(n|M_[n'y = [O , otherwise .

E, are the energies of the unperturbed spin system,
M the truncated-microwave-field operator?® and b (x)
the Boltzmann factors e /%7,

For LiTbF,, we suppose for simplicity A=0. The
second central moment is then given through the ex-
pression®®

(R (Av}) . =(16N)' Qg2 + g2 ut
x [1 —tanh?(gzupHz/2kT)]

2
1 —3 cos?9,
‘s ___] ©
i iy
We have fitted the temperature dependence of the
linewidths in Fig. 5 by the expression
AH = A[1 —tanh?(gzus Hz/2kT)1'? (10)

with 4 =5.75 kG in good agreement with the value
calculated from Eq. (9), 4 =6.5 kG. The calculated
curves in Fig. 5 describe qualitatively the observed
temperature dependence.

B. LiHoF,

Three single crystals of LiHoF4 have been studied.
The first two crystals were parallelepipeds (samples 1
and 2) and the third was a sphere.

At a given frequency we observe, in general,
several strong resonances. Some of these resonances
have a well resolved hyperfine structure consisting of
eight resonance lines due to the 100% abundant iso-
tope '%°Ho, with nuclear spin / = % The spacing
between the hyperfine resonance lines is
A =474 +10 Gauss for H IIT in agreement with the
value observed in the dilute material 4 =479 +7
Gauss.*

The angular dependences of the resonance lines

were studied in the (c,a) plane and were similar to
those observed in the dilute material.?

Figures 6 and 7 show the frequency dependence of
the observed resonances as a function of the magnet-
ic field respectively along and perpendicular to the T
axis. On Fig. 6, note that one resonance extrapolates
linearly to zero frequency at zero magnetic field.

This is characteristic of transitions between the levels
of a doublet. Several other lines extrapolate at 220
GHz and consequently correspond to transitions
between this ground-state doublet and another level -
at 220 GHz above it. One line extrapolates at about
694 GHz and corresponds to a third level at 694
GHz. Another resonance which extrapolates for zero
magnetic field at 220 GHz is observed, the frequency
of this resonance is almost exactly at a given field the
sum of the frequencies of the resonance lines noted
12 and 1+ 3 on Fig. 6 for the same value of the
field.

Figure 8 shows the temperature dependence of the
linewidth of 1~ 2 for sample 3 in the temperature
range 1.4 < T <15 K.

700

600
— 500
I
(&)
5 400
(&)
=
w
s
< 3000
w
o
[N
< 200
o T=42K
o
= SAMPLE 3
[a

100 _

«~— 2«3
S [ |
0 10 20 30 40 S0

MAGNETIC FIELD (kG)

FIG. 6. Frequency vs magnetic field of the resonances for
HIIT in LiHoF, (sample 3). Resonance 1 —2 indicates the
transition between the two levels of the fundamental doub-
let. Resonances 1+ 3,2+« 3 indicate transitions between
these two levels and the first excited state and resonance
2 <4 indicates a transition between a level of the funda-
mental doublet and a second excited state. Dots, experi-
ment; continuous line, theory.
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' FIG. 7. Frequency vs magnetic field of the resonances for
ﬁ'.lﬁ)f in LiHoF, (sample 3). The resonances are indicated
Wiih the same notation as in Fig. 6. Dots, experiment; con-
tinuous line, theory.

For other transitions, a careful study of the
linewidth dependence cannot be made because of the
larger linewidths.

‘These results can be explained as follows. The
2J +1 manyfold 35 of the non-Kramers Ho** ion
(4119 is split into 13 levels (nine singlets and four

7
Hve
61 V= 4565 GHz
e 5| SAMPLE 3
T 41
B ]
; 3L
wt
=z 2L
S 7AH|’
LR I
PR ST R S 1 N | R
S 10 . 15 20
TEMPERATURE

FIG. 8. Linewidth vs temperature of the 1~ 2 resonance
for HIIT at v =456.5 GHz in LiHoF, (sample 3). The value
7AH, measures the spacing in field between the first and the
elghth hyperfine signal. Dots, experiment; continuous line,
a guide to the eye.

doublets).
513 —'SI‘1 +4l“2 +4I‘3,4

Optical® 1 and susceptibility”"® measurements
show that the lowest level is a I'; 4 doublet and the
first two excited levels are two I'; singlets.

The magnetic field dependence of these levels can
be obtained from the Zeeman Hamiltonian

HZ=gJMBﬁ'T an

and from the knowledge of the wave functions of the
levels. The Landé factor g for °Ig is equal to =
More precisely, the energy levels in presence of a
magnetic field are calculated from the dnagonallzatlon
of the secular equation

det(Ey + (I‘"IH,|I“’§ —A8y) =0 , 12)

where k=1, ,4, |T*) indicates the k level,
Ey=0if k # land Ey is the energy of the k level at
H =0. We consider only, the four lowest levels. The
general structure of the wave functions of these lev--
els is

t « t
) £ 7+ age 7| £3)

|I‘3‘4)=a1e
+ N +
+aze Y 21y +age ¥ £5)
13)

_/¢I|

T4y =B,(e’*| +6) —e'*| —6))

-jxil _2>) ,

where «;, B;, and v, are real numbers and i =1, 2.

The study of the transitions between these levels is
similar to the case of Ho** in the diluted material
LiYF,4:Ho**.* As for LiTbF;, the resonances are
shifted by the local magnetic field according to Eq.
(5), where the magnetization per ion takes into ac- .
count the four lowest levels only. For HIIT

2 l"le_Ei/kT
i

e—El/kT
2

+y, M 42y —e

M, = a4

and the components of the magnetic moments for
these levels are

u(T3,0) =F58zun ,
15)

g1 gusHz

2 [(8M5H2)2+(2A')2]1/2 ’

w(Ih) =

where g =2g,(T'$?|Jz|T§Y) and where 24’ is the split-
ting at H =0 between the two leevgls.
The magnetization per ion for Hllb is more com-

~ plicated but can again be calculated directly from the

pamtlon function as we do below in the LiErF,.
For H IIT, the analysns of thé I'; 4~ T3 4 transition
(noted 1 +2 in Fig. 6) determines the gz value and
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TABLE II. Values for the best-fit parameters obtained in LiHoF,4 from the frequency dependences of the resonance lines.
The values of several of these parameters obtained from other works (Refs. 4, 7, 8, 13, and 23) are included for comparison.

47N,
&z [x— a ]M0 (kG) 531Nc Oc (K) E, (GHz) E, (GHz) (T3LIT]) (T3 4l Th
Sample 1 14.1£0.2 1.5+0.2 0.23 x47 19+0.1 215 475 +£0.2
Sample 2 14.1 £0.2 1.9+0.2 0.21 x47 2.0+0.1 217 485+0.1
Sample 3 14+£0.2 0.3£0.2 4m/3 1.85+0.1 220 694 4.85+0.1 2.3
LiYF4:Ho** 133 £0.1 204 714 4.610.1 2310.1
Ref. 4
Susceptibility 13.4 2.0+0.2 188 815 4.71 2.43
Ref. 7
Optical suscept. 13.8 several 1.55 222 699
Ref. 8 13.6 £0.2 crystals
Optical 13.79 240 780 4.74 2.31
Ref. 13
Susceptibility 13.95 £0.15 1.65 217
Ref. 23
the A and O¢ constants. The analysis of the C. LiErF,

3,4 T, transitions (noted 13,2 +~3,1+—4 in Fig.
6) gives the positions in energy of the two I, singlets
E\,E, and also the matrix element (I'¥?|J;|T{V)
which governs the field dependence of the I', singles.

For H Il'b, we determine, from the study of the
I'; 4 —I'; transitions, the matrix element
[(T$P]J;|T3,4)|. The calculated curves for the best-fit
parameters are shown in Figs. 6 and 7, respectively.

The values of these parameters are given in Table
II and are compared with other results.*7%13.23 The
low-temperature behavior in LiHoF, is described by
the fundamental doublet with g, =14.1 £0.2. If there
were no excited states close by, the material would be
Ising-like, the same as LiTbF,. The existence of the
first excited state at 10.5 K limits the range of tem-
peratures over which the Ising description can be ap-
plied. For HLT the existence of couplings between
this state and the fundamental doublet limits the
Ising-like description. The dipolar forces are predom-
inant in the contribution to ®¢.*>2% This system can
consequently be described as dipolar and Ising-like
for low temperatures provided that no magnetic field
is applied perpendicular to the T axis. The critical
properties do not seem to be affected by the ex-
istence of the first excited state.2>2

Three single crystals of LiErF, were used. The
first two crystals were parallelepipedic (samples 1,2)
and the third spherical (sample 3).

The hyperfine structures due to the different iso-
topes of Er** are not resolved for any temperature or
frequency.

The angular dependences of the resonance lines in
the (c,a) and (a,a) planes were studied. Figure 9
shows the angular dependence in the (a,a) plane.
The resonance lines show an anisotropy in the basal
plane with a periodicity of 90°. Similar results had
been observed on LiYF,:Ho®>" on the angular depen-
dences in this plane.? :

Figures 10—12 show the frequency field depen-
dence of the observed resonances for the magnetic
field along the T axis and along the two directions in
the basal plane for which the angular dependence
(Fig. 9) shows a maximum and a minimum of the
position in field of the resonance line. '

In these figures, we observe that several signals ex-
trapolate at zero frequency for zero magnetic fields.
These resonances correspond to transitions between
doublet components. Several lines extrapolate at 545
GHz for zero magnetic field and correspond to transi-



221 EPR EXPERIMENTS IN LiTbF,, LiHoF,, AND LiErF4 AT . .. 25

60
V=448 GHz
T=42K
— SAMPLE 3
i
T so L
(]
-}
w
(58
o
—
=
o 40 |-
b
=
YR T N S U N SRNR | !
_9° 30° 60° 20° 120°
Hye Hye

MAGNETIC FIELD ANGLE

FIG. 9. An_gular dependence of the resonance 1+ 2 at
448 GHz for H LT in LiErF, (sample 3). Dots, experiment;
continuous line, a guide to the eye.
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FIG. 10. Frequency vs magnetic field of the resonances
for HIIT in LiErF, (sample 1). Resonance 12 indicates
the transition between the two levels of the fundamental
doublet. Resonances 1 =3 and 2 — 3 indicate transition

between these levels and a level of the first excited doublet.

Resonance 3 —4 indicates the transition between the two
levels of this first excited doublet (see Fig. 13). Dots, ex-
periment; continuous line, theory.

tions between two levels 545 GHz apart.

Moreover, two resonances (noted with crosses in
Figs. 10—12) were observed at a given field at a fre-
quency which is almost exactly twice the frequency of
the resonance lines noted 1 —2. This leads us to the
following analysis: the ground term (2J +1)fold de-
generate *I;5/; of the Kramers ion Er** (4511, is split
into eight doublets

41|5/2 —‘41“5,5 +4F7,8 .

From the spectroscopic!® and the susceptibility
measurements’ we know the lowest levels. The fun-
damental level is a I's ¢ doublet and the first excited
state a I'7 g doublet at 18 cm~!. In our experiment,
we observe only the transitions between these two
levels. However, the second excited level I's ¢ and
the third excited level I'; 3 must be taken into ac-
count for the calculation of the energy levels.

The magnetic field dependence of these levels can
be obtained from the Zeeman Hamiltonian (11) with
& =-§— and from the knowledge of the wave functions

of the levels.”” 13

The energy levels are calculated numerically from
the diagonalization of the secular equation (12), con-
sidering the four lowest doublets. The general struc-
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FIG. 11. Frequency vs magnetic field of the resonances
for H1Tand #=0° in LiErF, (sample 3). The resonances
are indicated with the same notation as in Fig. 10. Dots, ex-
periment; continuous line, theory.
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FIG. 12. Frequency vs magnetic field of the resonances

for H1Tand 6=45° in LiErF, (sample 3). The resonances
are indicated with the same notation as in Fig. 10. Dots, ex-
periment; continuous line, theory.

ture of the wave functions of these levels is

*8 13 18 5
ITs,6) =ane™ Y| £ ) +ope” Y| £5)
+ t
tase T3 taue | 2 )
(16)

8, . 15 +g) 7
|F7.s)=d’18 ”|17)+a'2e zl‘i'2->
i U t ’
+abe V| T ) fase V| T3)

The resonance lines are shifted in field due to the
local magnetic field related to the external magnetic
field through the expression

H=H0+aMmm » (17)

where M, is the magnetization per gram. The
value of « is taken from susceptibility measure-
ments.’

The magnetization per ion is calculated taking into
account the four lowest doublets by

M, = krdUnZ) as)

0H
where Z = 3, e E"/kT is the partition function.

The field dependence of the levels is shown in Fig.
13 for H IIT and for the two directions in the < plane
corresponding to Figs. 11 and 12.

For H IIT, we determine from the transition 1 2,
the g value of the fundamental doublet and from
transitions 1 —3,1—4, and 3 —4 the g value of the
first excited state and the position in zero field of the

" ENERGY

S0 50 50
T T T T T T T T T T . T T
Li ErFq LiEr K LI.EI‘ f‘
ALe Hlc
“ . “0 8= 45°
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- - 1 -
5 x 2«e3 x
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FIG. 13. Scheme of the calculated energy levels in LiErF,. The different transitions are indicated.
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TABLE IIl. Values for the best-fit parameters obtained in LiErF4 from the frequency dependences of the resonance lines.
The values of several of these parameters obtained from other works (Refs. 7, 9, and 13) are included for comparison.

4
g1c &2 @ SN Ey (Gh2)  E, (GH2) (T3l )
Sam_gles 1,2
HIT 3.7+£0.2 9.1+0.2 —28.6 1.66 x 47 546 700 3.28
Susceptibility 3.1 8.4 564 920 3.28
Ref. 7
Susceptibility 3.5 —-40.7 4m/3
Ref. 9
Optical 42 7.9 540 600 3.09
Ref. 13
, 4m ! 1
&n 821 o 3 Ne E, E, [(T3 61T 8) |
Sagplé 3
HLT 8.7+0.2 46102 -23.0 546 700 2.69
Susceptibility 8.2 4.6 564 920 2.24
Ref. 7 .
Susceptibility 9.2 —-23.0 47/3
Ref. 9
Optical 7.8 2.05 540 600 1.57
Ref. 13

two excited levels Ey,E;. The values of the matrix
elements (T} ¢|Jz|T36), (T} 8|J2|T% ) and the g
values for the two upper doublets are taken from
Ref. 7. The best fit of these parameters is given in
Table III and compared with other results.

For ﬁLE’, the g value of the fundamental doublet
and the coupling ('} 4|J, [T} g) are determined from
transition 1 —2. The g value of the first excited -
doublet is determined from transition 2+—3. The g
values of the other doublets and other couplings are
taken as in Ref. 7. The values of these parameters
are given in Table III. The calculated curves with
these parameters are shown in Figs. 10—12.

The low-temperature behavior in LiErF, is
described by the fundamental doublet g, =3.7 and
g1 =8.7. These values are rather different from
those of Refs. 7 and 12 but are close to those ob-
tained from susceptibility measurements at low tem-
peratures.9

LiErF, is a XY dipolar antiferromagnet
(g1./81z =2.35), whereas LiTbF, and LiHoF; are Is-
ing dipolar ferromagnets. The dipolar forces and the
exchange forces are of the same order.” It seems
therefore quite interesting to study the critical param-

eters of LiErF4 and compare them with those ob-
tained in LiTbF4 and LiHoF,.

Besides the main resonances, we observe in Figs.
10—12 transitions at twice the energy of that noted
12 in these figures. We attribute these resonance
lines to transitions between the levels of two neigh-
bor spins coupled by dipolar forces.

The Hamiltonian for the systems of two spins 1
and 2 is, considering only the fundamental doublet
(Sl = %,S2 = %)

Hy=ug(H-7S) +,U-B(I_‘if§"§2) +S,-D-S, , (19

with

Dif -

2 yaa, BB a
ubg*g 3risrfs
A 3 [Baﬁ— 122 2] ’ (20)

2 ra

where a=x,y,z. g°* and gP® are the g values of the
fundamental doublet. r;, the distance between the
spins 1 and 2.

Taking into account only the secular part of the di-
polar interaction? the energy levels can be easily cal-
culated. The levels are characterized by the total spin
§=§1 +§2 and the allowed transitions are those with
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ASz =%1. The effect of the nonsecular part of the
dipolar interaction is to mix these states, and it is
then possible to observe transitions ASz; =2 at a fre-
quency almost exactly double that of the AS; =+1
transitions.?’

In LiTbF,, similar resonances cannot be observed
because g, =0, and consequently the nonsecular part
of the dipolar interaction is zero.

In LiHoF,, the resonance observed at frequency
sum of the 1 —2 and 1 <3 transition, can also be at-
tributed to a transition between the levels of two
nearest-neighbor spins and considering, in this case,
the three lowest levels of the Ho®* ion.

III. SUMMARY

The g factor and the A splitting of the fundamental
doublet of LiTbF, are determined directly from EPR
experiments in a large range of frequencies and mag-
netic fields. The local field around the Tb** ion is
determined and the Curie constant calculated. These
parameters describe the magnetic behavior of the
crystal at low temperatures.

The temperature dependence of the linewidth of

the resonance line is observed for 1.4 < T <25 K
and analyzed in terms of the theory of line moments.

In LiHoF,, we determine the g factor of the funda-
mental doublet, the energy of the first two excited
states, and the coupling between all these levels in a
magnetic field parallel and perpendicular to the
tetragonal T axis. The local field and the Curie con-
stant are also determined. The temperature depen-
dence of the linewidths was observed.

LiTbF4 and LiHoF, are quasi-ideal examples of di-
polar Ising ferromagnets. Small deviations from the
ideal behavior are produced by the single-ion parame-
ters, which are determined in this work.

The g factors, and the couplings between the first
two doublets are determined in LiErF4 which is
described as an XY dipolar antiferromagnet.

Some transitions observed in LiErF,, attributed to
transitions between the levels of two neighbor ions,
are analyzed.
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