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EPR of Gd3+-doped single crystals of LiYF4 and LiYbF4. Gd + -Y13+ exchange constant
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X-band EPR measurements on Gd +-doped single crystals of LiYF4 and LiYbF4 are performed at room
and low temperatures. The spin-Hamiltonian parameters are estimated with the use of a rigorous least-

squares-fitting computer technique. The behavior of the linewidths and the spin-Hamiltonian parameters,
as a function of temperature, are studied. The total exchange interaction of Gd + with its nearest and

next-nearest paramagnetic Yb + neighbors in the LiYbF4 host crystal is estimated with the use of the g-

value shift of Gd + in the paramagnetic lattice of LiYbF4, from that in the isostructural diamagnetic lattice

of LiYF4.

I. INTRODUCTION

LiYF4 is an interesting host material for lasers. EPR of
Gd +-doped scheelite compounds, which are isostructural to
LiYF4, has been extensively studied. EPR measurements
on Gd +-doped single crystals of LiYF4 have been reported
by Vaills and Buzare. ' They gave a detailed analysis of the
EPR spectra of Gd + in this crystal at room temperature
only. They provided an explanation of the observed param-
eters on the basis of electrostatic4 and superposition5
models. The purpose of the present paper is to report de-
tailed X-band EPR measurements on Gd +-doped LiYF4
and LiYbF4 single crystals at various temperatures. The
measurements on the LiYbF4 host are the first ever to be
reported. As for the host LiYF4, the measurements will be
extended to liquid-helium temperature. The emphasis here
will be to estimate precisely the spin-Hamiltonian parame-
ters for both the hosts at various temperatures. To this
end, a rigorous computer technique based on least-squares-
fitting criterion using numerical evaluation of eigenvalues
and eigenvectors, simultaneously fitting all resonant line po-
sitions obtained for several orientations of the external mag-
netic field, 6 is used. Last, but not of least importance, the
Gd + -Yb + exchange interaction in the LiYbF4 host will be
determined from the shift of the Gd + g value in the
paramagnetic LiYbF4 host from that in the isostructural di-
amagnetic host LiYF4. Similar determinations of Mn2+-
Ni + exchange interaction have been previously reported.

a cover to lock its upper inlet in order to obtain single crys-
tals.

Rare-earth (Y, Yb) fluorides of 99.9% purity and lithium
fluoride of 99.5% purity were obtained from Alfa-Ventron
(USA). Further purification of LiF was accomplished by
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II. SAMPLE PREPARATION AND CRYSTAL STRUCTURE

A modified Bridgman-Stockbarger method was used to
grow LiYF4 and LiYbF4 single crystals doped with 0.1 mo1%
of GdF3. The single crystals were grown in an induction
furnace, using a frequency of 460 kHz. A quartz tube was
installed inside the coil, locked by a cover with the rubber
seal ~ Inside the tube was placed the graphite shield along
with the thermocouple. The pot was connected to a small
motor by a rod through the gear system (Fig. 1), with which
the graphite melting pot could be shifted. The graphite
melting pot was provided with a sharp conelike bottom and
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FIG. 1. Block diagram of the apparatus used for the growth of
Gd +-doped LiYF4 and LiYbF4 single crystals. The details are as
follows: (1) generator, (2) temperature stabilizer, (3) recorder of
the gas flow, (4) motor, (5) argon contajner, (6) absorber of the
water vapor, (7) bottom cover, (8) rubber seal, (9) quartz tube,
(10) metal rod, (11) induction coil, (12) graphite melting pot, (13)
graphite lock, (14) graphite shield, (15) thermocouple, (16) upper
cover (air cooled).
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growing single crystals out of the polycrystalline powder.
The rare-earth fiuorides were first dried for 3 h under con-
stant flow of argon at temperatures of 150 and 500'C.
They were then kept for 3-5 h at temperatures higher than
their respective melting points. To fluorize and purify these
substances PbF2 was used in the amount of about 1% of the
total weight.

The purified rare-earth fluorides and LiF single crystals
were used to prepare the mixture for synthesis and crystal
growth of Gd +-doped LiYF4 and LiYbF4. The composition
of the mixture was chosen to be that described in Ref. 10.
The pressure of the LiF vapors is higher than that of the
rare-earth fluorides. Thus an excess of LiF anywhere from
2 to 4 mo1% was used. The synthesis and homogenization
of the mixture was performed for 2-4 h in the temperature
range 1000-1100'C. The crystals were grown under con-
stant flow of argon gas, at the rate 1 liter/min. The tem-
perature was maintained to be at least 50 C higher than the
melting point of the particular compound (819'C for LiYF4
and 850'C for LiYbF4). A temperature gradient of
100'C/cm was used, while the drop rate of the melting pot
was 4.5 mm/h. The temperature of the graphite shield was
stabilized within +2'C. The measured lattice constants of
the grown sample calculated from the observed x-ray dif-
fraction correspond very closely to the data available in the
literature. '

The crystal structure of LiYF4 and LiYbF4 have been re-
ported in Refs. 11 and 12. Both have CaWOq-type (scheel-
ite) structure, crystallizing in tetragonal structure with the
space-group symmetry I4t/a. The unit cell of LiYF4 has
the dimensions a =5.175+0.005 A and e=10.74+0.01 A
while that of LiYbF4 has the dimensions a =5.132+0.005
A and c =10.59+0.01 A. Each rare-earth ion is surround-
ed by eight nearest-neighbor fluorines, four of which are
at a distance R~ = 2.246 A, awhile the remaining four are at a
distance R2= 2.293 A.

III. EXPERIMENT

The EPR spectra were recorded using a homodyne X-band
spectrometer, equipped with 100 kHz field modulation. '3 A
ovarian magnet with 12-in. pole pieces was used to provide
the magnetic field, which was controlled by a Fieldial-Mark
II power supply. The magnetic field was measured using a
Bruker model B-NM 20 nuclear-magnetic-resonance oscilla-
tor; a calibration curve was used to estimate the actual mag-
netic field at the location of the sample inside the cavity.

The EPR spectra of Gd +-doped LiYF4 were recorded at
room, liquid-nitrogen, and liquid-helium temperatures in
the ZX and XI'planes (X, Y,Z axes are defined in Sec. IV).
At room temperature, seven well-resolved lines were ob-
served in the range 400—9600 G, for the magnetic field
orientation along the Z axis. Besides the allowed lines,
some forbidden lines were also observed at lower magnetic
field values; the number of these lines- increased as the
magnetic field direction moved away from the Z axis, in ac-
cordance with the description given in Ref. 3. Figure 2 ex-
hibits the angular variation of EPR spectra of Gd +-doped
LiYF4 at room temperature, in the ZX plane

As the temperature was lowered from room to liquid heli-
um, the general features of the spectra remained the same;
however, the overall splitting of the spectra increased and
the intensities of lines at lower magnetic fields, increased re-
lative to those at higher fields. The latter observation im-
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FIG. 2. Angular variation of room-temperature X-band spectra
for Gd +-doped LiYF4 host in the ZX plane. The circles represent
the experimental resonant-line positions, while the solid lines are
smooth curves that connect data points for the same transition.

plies that the sign of the zero-field splitting parameter b2 is
negative. '"

As for Gd +-doped LiYbF4, the EPR spectra in this crys-
tal at room temperature had the same features as those for
Gd'+-doped LiYF4, except the linewidths were larger (due
to the dipole-dipole interaction between Gd + and the
paramagnetic host ions Yb'+). As the temperature was
lowered below room temperature, the lines started to
broaden rapidly; below 270 K the lines completely disap-
peared (for more details see Sec. V).

IV. SPIN HAMILTONIAN AND EVALUATION
OF PARAMETERS

+ ~() ( bf 0$ + b4 04 ) + )260 ( b(0$ + b64064 )

The following spin Hamiltonian, ' corresponding to
tetragonal symmetry, was used to fit EPR data:

P = pgH g S+ ~b202
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TABLE I. Values of spin-Hamiltonian-parameters for the Gd +-doped LiYF4 and LiYbF4 hosts (0.1 mo1% each) at various temperatures.
g is dimensionless, while bP are expressed in GHz. The indicated errors are as calculated by the use of a statistical method (Ref. 16). The
parameters at room temperature (RT), as reported in Ref. 3, have also been included for comparison.

Temperature 295 K 85 K
LiYF4

RT (Ref. 3l
LiYbF4
295 K

gxx

b2

b,'

1.9890 + 0.0010

1.9871 + 0.0010

—2.4837 + 0.0015

—0.0671 + 0.0004

0.2778 + 0.0030

—0.0079 + 0.0004

0.0216 + 0.0060

1.9813 + 0.0016

1.9828 +0.0016

—2.5141 + 0.0017

—0.0667 + 0.0006

0.4241 + 0.0040

—0.0103 + 0.0008

0.0611 + 0.0100

1.9804 + 0.0016

1.9837 +0.0016

—2.5183 + 0.0017

—0.0667 + 0.0006

0.4366 + 0.0040

—0.0145 + 0.0008

0.0939 + 0.0100

1.9837 + 0.0005

1.9825 +0.0005

+ 2.4810 + 0.0150

+ 0.0570 + 0.0030

+ 0.3030 + 0.0150

0.0000+ 0.0060

+ 0.0165 + 0.0150

1.9864 + 0.0076

1.9870 + 0.0076

—2.4892 + 0.0170

—0.0508 + 0.0017

0.4144 + 0.0300

—0.0102 + 0.0020

0.1788 + 0.0400

In Eq. (1) 0 is the external magnetic field, p, s is the Bohr
magneton, S (= —, ) is the electron spin of Gd3+, bI are the
spin-Hamiltonian parameters, and 0/" are the spin operators
as given by Abragam and Bleaney. ' The X, Y, Z axes are
chosen so as to coincide with the principal axes of the b2
tensor; thus, the overall splitting of the spectra is maximum
along the Z axis and minimum along the Yaxis. '

The spin-Hamiltonian parameters were evaluated using a
least-squares-fitting procedure, fitting simultaneously all
clearly resolved line positions obtained in the ZX plane.
The fitting gave the correct relative signs of the parameters.
The absolute signs of the parameters were obtained by
determining the absolute sign of b2 using the observed rela-
tive intensities of lines at liquid-helium temperature. (The
absolute sign of b2 was found to be negative for the LiYF4
host, since the intensity of the highest-field line relative to
that of the lowest-field line for the magnetic field orienta-
tion along the Z axis reduced by a factor of 7 in going from
room to liquid-helium temperature. The sign of b2 for
Gd +-doped LiYbF4 was also assumed to be negative since
it could not be determined due to the disappearance of the
lines below 270 K.) The errors were calculated by the use
of a statistical method. ' The spin-Hamiltonian parameters
for Gd +-doped LiYF4 and LiYbF4 are listed in Table I,
wherein the values reported by other authors' are also given

for comparison.
The absolute values of all the spin-Hamiltonian parame-

ters for the LiYF4 host increase with decreasing tempera-
ture, except for b4, which remains invariant within experi-
mental error. Figure 3 displays the temperature variation of
the parameters. It is seen that these parameters do not
display a linear variation with temperature, and it would be
interesting to look for mechanisms which predict such a
nonlinear variation of parameters with temperature.

V. LINEWIDTH

No magnetic field dependence of linewidths was observed
for either samples at any temperature.

The EPR linewidths for Gd3+ in the (diamagnetic) lattice
of LiYF4 were about 40 G for the various lines at room
temperature, which increased to about 49 G as the tempera-
ture was lowered to liquid-helium temperature. For the
paramagnetic lattice of LiYbF4, the linewidths were larger,
about 105 G at room temperature, due to the interaction
between Gd + and the paramagnetic Yb'+ ions. As the
temperature was lowered from room temperature, most of
the lines disappeared, and only one line in the low
magnetic-field region could be observed down to 270 K,
below which no lines were observed.
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FIG. 3. Variation of the spin-Hamiltonian parameters (b2c I, b44,

(bf ~, and b64 for Gd3+-doped LiYF4 host as a function of tempera-
ture. The scale for each parameter is separately indicated.

VI. g-VALUE SHIFT AND EXCHANGE INTERACTION

Owing to the interaction between Gd + and Yb + in the
paramagnetic lattice of LiYbF4 the g value for Gd + in this
sample will be shifted from that in the isostructural diamag-
netic lattice of LiYF4.

Assuming that the interaction of the Gd'+ with Yb + in-
volves both the magnetic dipole and exchange interaction,
the g-value shift was calculated by Birgeneau, Hutchings,
and Wolf' to be as follows, considering only the nearest
neighbor (NN) and next-nearest neighbor (NNN):

r

—8 2
Sgg = [4JNN —grrNN+ 4J~NN+ 4crNNN(1 —3 cos 8) ]

! (2)

&g„= [4JNN+4oNN+ 4JNNN —2trNNN(1 —3 cos 8) ]

(3)
where 6 is the energy separation between the ground and
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while the anisotropic part is independent of the exchange in-
teraction since

(&gz 8gx ) = (gz gx)para (gz gx )dra

[2rxNN —txNNN(1 —3 cos 8) ]
48 (5)

the first excited states of the host Yb + ion, the J's are the
exchange integrals, the n's represent the strength of the
magnetic dipole-dipole interactions, and 8 is the angle that
the magnetic field makes with the bond between Gd + and
the next-nearest neighbors. The o. 's are given by
ut = gp, /rt', where g and p, are the g factor and the magnet-
ic moment, respectively, of the host ion Yb'+, and r; is the
distance between Gd + and the ith Yb +.

The isotropic part of the single-ion g-value shift is in-
dependent of the magnetic dipole interaction since

(Sgz+28gx) = (g, +2g„)p„,—(g, +2g„)d;,

(JNN + JNNN )96

Using Eq. (4) and 5=29.49&10~ GHz, 's the total ex-
change interaction between Gd + and its nearest and next-
nearest paramagnetic Yb + neighbor in LiYbF4 (JNN
+ JNNN) was estimated to be 8.601 GHz.

The g and g values are smaller than those usually
found for Gd3+ (1.992), suggesting either a large mixing of
the excited states with the ground state, or a large covalency
effect, oi' a configuration-mixing effect. 3
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