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' F NMR studies of CaF2 crystals doped with NdF3, EuF3, DyF3, HoF3, or TmF3
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' F NMR at 46.6 MHz has been studied for single crystals of CaF, doped with NdF3, DyF3, HoF3, and

TmF, for doping concentrations of 0.5, 1.0, and 2.0 mo1%. ' F NMR at 84.67 MHz has been done for
crystals doped with NdF, and EuF3. Data on the main satellite lines, due to lattice fluorides having one
nearest-neighbor rare-earth ion, show that the anisotropic portion of the NMR shift is entirely due to the
direct dipolar interaction for all ions except Nd'+ and Eu' . Analysis of the isotropic portion of the shift
and the nondipolar portion of the anisotropic shift reveals that the spin-transfer mechanism is primarily the
polarization mechanism in the first half of the rare-earth series but that the covalent mechanism becomes
predominant in the second half of the series. Evidence for extensive clustering is found in all systems
studied in the form of resonance lines that must arise from lattice fluorides with two nearest-neighbor rare-
earth ions. A possible form for the cluster is presented that will explain all the NMR results. T,
measurements on the main ' F line were done as a function of orientation for crystals doped with NdF, and
EuF, . In both cases, large variations with orientation were found. It is shown that present theories will
account for this variation.

I. INTRODUCTION

Many optical, ESR, or electron-nuclear double
resonance (ENDOR)' studies have been undertaken
to determine the structure of defects and impuri-
ties in CaF2 crystals doped with rare-earth tri-
fluorides. Recently '~F NMB studies have pro-
vided new information on these defects in CaF,
(Refs. 2 and 2) and CdF2 (Refs. 4 and 5). The
earlier NMR studies dealt only with crystals
doped with either ErF3 or YbF3. This work ex-
tends our earlier study to crystals doped with
NdF3, EuF3, HoF3, DyF3, and TmF3.

CaF& has the fluorite structure which has a
cubic lattice of fluoride ions with every other
body-centered position occupied by a calcium ion.
It has been established that the rare-earth ion
substitutes for a calcium ion and the extra fluoride
ion needed for electrical neutrality becomes an
interstitial ion occupying one of the vacant body-
centered sites. At low concentrations (& 0.05
mol%) there are found cubic sites for rare-earth
ions in which the interstitial F ion. is far re-
moved from the rare-earth ion, tetragonal sites
in which the interstitial F occupies the adjacent
body-centered site, and to a less extent, trigonal
sites in which the F interstitial is in the next-
nearest vacant body-centered site.

Recent NMR studies ' and laser studies have
shown that above 0.1 mol percent most of the
rare-earth ions 'Yb3' or Er3' are found in clusters
rather than the simple single ion sites found at
lower concentrations. Evidence for at least pair-
wise clustering of N13'was found by Kask and
Kornienko' from the ESR spectrum of an interac-
ting pair occupying nearest-neighbor sites along
the [110]axis. Similar spectra for Tm ' pairs

was found by Baker and Marsh. ' Little is known
about the nature and structure of the clusters,
and what is known is often contradictory. Cheetham
and co-workerse' have done neutron diffraction
studies on CaF2 doped with YF3 and proposed two

separate types of clusters depending on the con-
centration pf dopant. Catlow has attempted to
calculate the formation energy of such clusters
and was able to rationalize the neutron diffraction
results. The NMR results" did not support these
structures, however. An ad hoc "gettering" model
has been advanced by Yaney et al. ' to explain
many of the diverse phenomena associated with

formation of clusters at higher concentrations.
In this model dimers and higher-order cluster
"gettered" interstitial ions causing absolute con-
centration of tetragonal and trigonal sites to de-
crease with increasing doping concentration.

Our previous NMR studies on CaF2 containing
0.5, 1.0, and 2.0 mol% of ErF3 or YbF3 found
resonances for lattice fluorides with one nearest-
neighbor rare-earth ion. The crystals doped with
YbF3 also had a set of resonances that could be
assigned only to a lattice fluoride with two nearest
neighbor Yb3' ions. Intensity measurements
showed that most of the Yb3' ions must be as-
sociated in dimers or higher-order clusters for
the concentration studied. A third set of weaker
lines was also found in YbF3-doped crystals which
must be due to a fluoride ion closely associated
with two Yb ' ions at normal nearest-neighbor
distances, but the plane of the three ions must
be canted to the (100) plane by 24'+ 2'. In ErF&-
doped crystals, two resonances were observed
when the magnetic field was along the [100]axis
that could not be lattice fluorides with one nearest
neighbor of Er3'. One was attributed to a lattice
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fluoride with two nearest neighbors, while the
second had an upfield shift so large that it could
only be attributed to an interstitial fluoride with
two nearest-neighbor Er3' ions. This resonance
was seen and more fully characterized in studies'
on CdF~ doped with ErF3.

The previous studies analyzed the shifts for a
fluoride with one rare-earth neighbor with the
equation

AB/Bo= —[a, + (a~+a )(3 cos'8-1)j,
where 4B =B —Bo and B, is resonance field for
the main line in the spectrum due to fluoride ions
far removed from any rare-earth ion. The angle
0 is the angle between the magnetic field and the
vector connecting the rare-earth ion with the
fluoride ion. The isotropic contribution from spin
transfer is a, which was found to be negative for
both Er ' and Yb ', while a& is the corresponding
contribution to the anisotropic portion of the shift. .

The direct dipolar contribution a from the rare-
earth ion is given by

(2)

where X is the magnetic susceptibility of the ion
in S.I. (Systeme International) units and R is the
interionic distance in m.

Experimentally it was found '4' that a& +a for
Yb ' and Er3' is close to that calculated from Eq.
(2) using the high-temperature limiting value for
X of

which has been described elsewhere. " In addi-
tion, spectra for NdF&- and EuF3-doped crystals
were obtained at 84.67 MHz with @ Bruker CXP-
100 high-pomer pulse spectrometer. It was not

possible to observe the normal Fourier-transform
(FT) spectrum with the Bruker CXP-100 because
the 8-bit resolution of the high-speed digitizer
prevented us from seeing the weak satellite lines
in the presence of the intense main. peak. We,
therefore, eliminated most of the main peak by
first applying an 180' pulse and then applying a
measure pulse at the instance when the z magneti-
zation was zero. The satellite peaks can be seen
because T& for these lines is much shorter than

that for the bulk fluorides far removed from the
rare-earth ions. In order to get the rather large
sweeps (1 MHz) needed to see all the satellite
lines, the measure pulse was kept smaller than
10 and a magnitude calculation done in place of
the usual phase correction routine normally used
in FT spectra. This allowed for reasonable spec-
tra even though B, was only -1 mT. All spectra
were done at room temperature (25'C).

Relative line intensities for the broad-line spec-
tra were made by numerical integration of the
derivative curves obtained. When portions of the
spectra required different gain settings, the
settings were calibrated by comparing the in-
tensity of the bulk fluoride resonance signal at
both gain settings.

X =g2~ J'(J+ I)g'/3k T, (3)

where g~ is the Land6 g factor for the given rare-
earth ion, p. ~ is the Bohr magneton, and the other
symbols have their usual meaning. Thus for these
ions a~ could be neglected. A theoretical calcula-
tion'3 of a. for Yb3' in CaF, found it to be -20%%uoof
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The cylindrical CaF2 crystals doped with 0.5,
1.0, and2. 0mol'%%ugLF~(L=Nd, Eu, Dy, Ho, and

Tm) were supplied by Optovac, Inc. , North Brook-
field, Mass. They were 10 mm in diameter and
15 mm in length with the cylindrical axis being
either the [100J or [110]axis. They were rigidly
mounted at the end of a perspex rod which mas
mounted such that the cylindrical axis was per-
pendicular to the magnetic field. Using a 46.6-
MHz spectrometer, the spectra were studied by
rotating the magnetic field about this axis, while
in the case of the 84.67-MHz spectrometer, the
crystal was rotated instead.

Most of the NMH, spectra were recorded using a
broad-line spectrometer operating at 46.6 MHz
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FIG. 1. Plot of line shifts vs angle between the [100]
axis and the m.agnetic field for rotations in the (100) and
(110) planes for CaF2(NdF3).
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FIG. 3. (a) Spectrum for CaF2(NdF3) with magnetic
field along the [111]crystal axis at 46.6 MHz. (b) Spec-
trum for CaF2(DyF3) with magnetic field along the [110]
axis at 46.6 MHz.
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for both the (100) and (110) rotational planes and
were least squares fitted to the function.

FIG. 2. Plot of line shifts vs angle between the [100]
axis and the magnetic field for rotations in the (100) and
(110) planes for CaF2(DyF3).

&B/BO=A cos2(&o —&o,„)+B, (4)

III. RESULTS

A. Fluoride ions with one nearest neighbor

Spectra were recorded at 5' intervals through
a 180' arc at 46.6 MHz for rotations of the mag-
netic field in the (100) and (110) crystal planes.
Spectra were also recorded at 10 intervals in the

(110) plane at 84.6V MHz for CaF2 crystals con-
taining 1% NdF3 and EuF3. All spectra were
dominated by a strong central line (due to fluoride
ions far from the rare earth ions) which was used
as an internal reference for measuring the shift
bB.

The most intense satellite resonances are due to
lattice fluoride ions having one rare earth ion in
the closest cation sites. These lines were identi-
fied and the shifts plotted as a function of angle

where A, B, and &o,„(the angle where the shift
maximizes) are constants. Typical plots in the
(110) plane are shown in Figs. 1 and 2 for crystals
doped with NdF3 and DyF3. Some typical spectra
are given in Fig. 3. When the magnetic field is
along tbe [111]axis one of these resonances is
downfield and well separated from the rest of the
spectrum. Intensity comparisons of this resonance
line with the total '~F intensity show that the ratio
of F ions giving rise to this line to rare earth
ions in the crystal is ™2+1.

NdF3-, EuF3-, and TmF3-doped crystals all
showed one set of resonance lines allowing a direct
calculation of a, and a&+ a„ in Eq. (1) for these
lines. For DyF3- and HoF3-doped crystals the
lines became split indicating that the metal-ion-
fluoride-ion direction vector is not exactly along
the [111]cubic axis an/drothere is present
another rare-earth ion at a next-nearest-neighbor
cation site. This distortion is presumably also
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TABLE I. NMR-shift parameters for a lattice F in CaF2 with one nearest-neighbor rare-
earth ion.

Ion 1p3~s 10 (an + am) 103'm(calc. )
' [10'~ ]S

[103'P] b Ref.

Nd3+

Eu
Dy3+
Ho3+

Er
Tm
Vb"

-0.03+0.05
-0.21+0.03
-1.23+ 0.10
-0.93+ 0.10
-1.05 + 0.07
-0.73 + 0.04
-0.32 + 0.08

0.86 + 0.02
0.42 + 0.03
6.02 + 0.10
6.39+ 0.10
5.41+ 0.04
3.42 + 0.03
1.17+0.04

0.70
0.62
6.49
6.44
5.26
3.27
1.18

0.14
-0.30
-0.80
-0.64
-0.43
-0.23
-0.0 7

0.08
-0.18
-0.47
-0.38
-0.26
-0.14
-0.04

Calculated from Eqs. (2) and (3) using &=235 pm for Nds+ and Eu3+ and R =230 pm for the
others. Equation (3) is not applicable for Eu3 and an effective magnetic moment of 3.4 Bohr
magnetons was used to calculate g in Eq. (2).

Calculated from Eqs. (5) and (6) using E
~~

——3.6p MIIz and %&=0.93 MHz. These equations
are not applicable to Eus for which the calcglations given in Ref. 18 were used.

This work.
Reference 2.

present for the other dopants but it is the larger
shifts present for Dy~' and Ho3' that make it
visible. Similar splittings were observed' for
ErF3-doped crystals. In calculating a, and a&+ a
for DyF3- and HoF3-doped crystals, an average
of these lines was taken at the critical directions
of [ill], [110], and [100].

Values of a, and a&+a for all the crystals
studied, so far, are given in Table I. Also given
in Table I are calculated values of a using Eqs.
(2) and (3). Since R is unknown in these systems
we have chosen it to be 235 pm for Nd' and Eu'
which is between the Ca '-F distance of 237 pm
and the sum of ionic radii which is 230-232 pm.
For the ions in the second half of the rare-earth
series, ionic radii give R &220 pm which is un-
likely in CaF2 so a small contraction was assumed
and R was chosen to be 230 pm. Equation (3) is not

applicable for Eu ' which has a ground state of
J =0 plus excited states that are thermally popu-
lated at room temperatures. Measurements and
theoretical calculations give an effective magnetic
movement for Eu ' of 3.4 Bohr magnetons at room
temperature and this was used to obtain y in Eq.
(2).

A comparison of a&+a from experiment and the
calculated value of a show reasonable agreement
for Dys', Ho ', Er3', Tm3', and Yb ' considering
the uncertainties in R. The differences for Nd3'

and Eu ' are too large to be blamed on uncertain-
ties in R and must be due to a& hq. ving a significant
magnitude compared to a . The difference for Eus'

is particularly large. Explanations for this will
be advanced in the discussion section.

B. Other resonances

In Figs. 1 and 2 other resonances can be seen
that do not belong to fluoride ions having only one

TABLE II. Shifts of resonance lines that cannot be
assigned to lattice fluorides having one nearest-
neighbor rare-earth ion.

Ion

Nd3

Eu
Dys+

Ho3+

Tm

10~(d B/Bo) [100]

+1.66+ 0.06 (1.0) '
-1.14+ 0.06
+0.92+ 0.05
+3.70 + 0.05 (0.4)
-2.99+0.05

+2.84+ 0.10
-1.38+0.10
-2.75 + 0.10
+4.92+ 0.50 (0.6) '
+4.34+ 0.08 (0.5) '
-1.51+ 0.05

10 (AB/Bo) [11p]

+1.53 + 0.05 (1.3)
-1.33+0.04

+9.28+0.10 ( 1)
+5.67+ 0.30
-5.27+ 0.10

.+8.38+ 0.20
+6.12 + 0.10

+ 5.57+0.20
+2.67+ 0.30

Ratio of F ions giving resonance to rare-earth ions
in the crystal as estimated from NMR intensities, as-
suming nominal concentration of dopant ions to be
correct. Except for the [110]line for Dy + the error in
these ratios is + (0.2-0.3).

nearest-neighbor rare-earth ion. Resonances of
this type were found in all systems studied. Un-

fortunately, most of these resonances could not
be followed over a large enough range of angles
to characterize their orientational behavior in a
definitive fashion. These resonances were most
often found when the magnetic field was close to
either the [110]or [100]axes. Shifts for extra
resonances along these two axes are given in
Table II. In some instances the relative intensity
of these resonances relative to the total '~F in-
tensity was measured and is also reported in
Table II in terms of relative concentration of F
ion to rare-earth ion concentration. The possible
assignments for these resonances is advanced in
Sec. IV B.
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FIG. 4. Spectrum for CaF2(EuF3) at 84.67 MHz with

magnetic field along the [111]crystal axis.

IV. DISCUSSION

A. Fluoride ions with one nearest neighbor

In Table I it will be noted that experimental
values of a&+a are close to the values of a cal-
culated from Eq. (2) and (3) for all ions except Nd3'
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FIG. 5. T& vs angle between 1100j axis and magnetic
field for rotation in the (110) plane for 1% crystals of
CaF2(NdF3) and CaF2(EuF3).

C. T& measurements

The satellite lines could not be resolved ade-
quately at 46.6 MHz for EuF3 in CaF&. They could,
however, be resolved at 84.6'7 MHz using our FT
high-power spectrometer. In this case, the bulk
of the center line was removed by applying an 180'
pulse and then waiting a time sufficient for M, of
the main central line to become zero before ap-
plying a measure pulse. A typical spectrum is
given in Fig. 4 for the magnetic field along the
[111]axis for 1 mol% EuF, in CaF, . In doing a
rotational study it was necessary to determine 7."&

for the bulk fluoride ions at each orientation of the
magnetic field. Plots of room-temperature values
for T& for the magnetic field in a (110) plane were
determined for CaF2 containing 1 mol%%up EuF, and

1 mol% NdFS and these are plotted in Fig. 5. The
values of 7.'& changed markedly with orientation
(nearly an order of magnitude for NdF3) with the
largest values for the [111]axis and shortest for
the [100]axis.

R'z(R'r 1)kg~(~+ 1)
(If A )

9kTgg pg
(6)

where E;, and K, are proportionality constants re-
lating the contribution of this mechanism to the "F
hyperfine interaction with the matrix element (S).
Ki( and K, have been determined from ENDOB
studies of Gd

' in CaF2 to be 3.60 and 0.93 MHz,
respectively. Using these values a& and a~ were
calculated from Eqs. (5) and (6) and are given in
Table I. Equations (5) and (6) were derived as-
suming excited states with different J values are
much higher in energy than kT. This assumption
is not true for Eu3' for which J =0 in the ground
state. For Eu ' the values of a~ and a~ in Table I
were calculated using a calculation of ( &) over
all excited states performed by Golding and Hal-
ton. "

It is seen in Table I that a, and a +a„are fairly
P

well accounted for by the polarization mechanism
in the case of Eu ' and Nd ', although the a& value
is significantly different from experiment for Nds'.

In the case of rare-earth ions in the second half of
the rare-earth series, a& is of the correct sign but
significantly smaller in. magnitude than the experi-
mental a, value. Also (a„+a~) is less in agree-
ment with (a +a/ than a„alone. Theoretical cal-

~s '
culations" of the covalent contributions a, and a~
for Pr ', Nd ', Tb ', Hos, Er, Tms', and Yb '
show that a~ is negative and a is positive for all

and Eu '. The small differences for all but Nd
'

and Eu3' can easily be removed by small adjust-
ments in the assumed values of R, but this cannot
be done for Nd' and Eu3' because the R values
needed would be unreasonable. Therefore, for at
least these two ions, a cannot be neglected.

Two mechanisms have been proposed in the

literature for both a, and a&. The polarization
mechanism was first proposed by W'atson and Free-
man. ~ In this mechanism electron spin is trans-
ferred to 2s and 2P orbitals of F by overlap in-

teraction with 5s and 5P orbitals of the rare-earth
ion. The spin in the 5s and 5P orbital have been
polarized by an exchange interaction with the inner

4f unpaired electrons. Watson and Freeman
showed that the electrons in the outer regions of

the 5s and 5p orbitals are polarized with spin op-
posite to that of the inner 4f electrons so that this
mechanism leads to unpaired spin in the F orbi-
tals of opposite sign to that of the 4f electrons.
Although it is difficult to do direct calculations for
this mechanism, the values of a~ and a, due to this
mechanism can be estimated using the following
equations'~:

g, (g&-1)V.~(~+I)
(Z +2@ )

9kTgN ~N
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these ions. Thus, in the second half of the rare-
earth series a and ap tend to cancel each other
out making a -0. a, and a~&are of the same sign
in this half of the series, however, giving rise to
the sizable negative values of a, found experimen-
tally. For Nds' the reverse is true giving rise to
a negligible a, but a sizeable positive a term. No
covalent calculation has been done for the special
case of Eu3', but our experimental results suggest
a, and a are negligible for this ion.

B. Other resonances

In an earlier study' on Yb.F3 in CaF2 a series of
resonances were found which could be identified
as a lattice fluoride having two nearest-neighbor
rare- earth ions. The hvo additional resonances
in the [110]direction for Nd~' in Table II are un-
doubtedly the same type. For this sytem there
will be a line in the [110)direction with a large
upfield shift given by

—a +2(a„+a&),

and a second line with a large downfield shift given
by

—a, —2(a +a~)(3 sin2P —I) . (8)

The angle P is the angle between the [100J axis in
the plane of the fluoride ion plus its two nearest-
neighbor rare-earth ions and the vector between
the fluoride ion and one of the rare-earth ions.
The value of a, is most likely somewhere between
0 and —10 4 which gives values of am+a~ between
0.77~ 10 and 0.72& 10 3. The value of P lies
between 52'. 1 and 54.7'. For an undistorted cubic
lattice P= 54.7' and a„+a& would be similar to the
value of 0.86' 10 I found for the lattice fluoride
with one nearest neighbor. It seems clear from
this that indeed the hvo extra resonances in the
[110]direction arise from the same clustering
found for YbF3 in CaF2. The distance between the
fluoride ion and the rare-earth ion is longer for
the lattice fluoride ion with two nearest neighbors'
than for the ion with only one nearest neighbor.

The two extra resonances observed in the [100]
direction are not from the system discussed above.
The line at +1.66 && 10 3 is probably the same as
one observed in the CaF2(ErF3) system which was
attributed to an interstitial fluoride with hvo
nearest- neighbor rare-earth ions.

For Ca, F2(DyF3) there are two resonances ob-
served upfieM in the [110]direction about the
resonance attributed to a lattice fluoride with one
rare-earth neighbor. They are of comparable in-

I

tensity to that of the lattice fluoride resonance as
can be seen in Fig. 3. Similar spectra were ob-
served for crystals doped with Ho3' and Tms'. As
can be seen in Fig. 2 the upper line at [110J could
be followed, well enough in the (100) plane rotation
to assign the line at —5.27x 10 in the [110]direc-
tion to the same fluorides. Since 'the system giving
rise to this resonance does not appear to give any
lines with a large downfield resonance near the
[lllJ orientation, it cannot be a fluoride with one
rare-earth neighbor. If we assume it to be a lat-
tice fluoride with two rare-earth ion neighbors,
and further that the [100] line at —2.99 x 10 ~

comes from the same system, we get a, =0.34
x10, (a +a&) =4.47x 10 3, and p=47.4'. For
a, = —1.0x10 3, a +a& will equal 4.14x 10 3 and
P= 49 9' T. hu. s if this assignment were correct
we would have a +a~ considerably less than the
value of 6.49 x 10 3 for a lattice fluoride with one
rare-earth ion neighbor. Also the value of P is
considerably below the expected cubic value.
Similar behavior is found for the same resonances
observed in Ho' and Tm' systems.

For the CaF2(YbFS) system studied earlier, it
was found that for the lattice fluoride with two
rare-earth ion neighbors, the value of a + a& was
greater than that of a fluoride with one neighbor
and p was 63.5', which is considerably greater
than that of a purely cubic system. It is possible
to consider the above assignment of the lines in
CaF2(DyF3) to a lattice fluoride with two nearest
rare-earth ion neighbors as correct and still
reconcile the different values of p and a„+a
found for different rare-earth ions by noting that
both values of P have been found'8 in an analysis of
ENDOR and NMR of lattice fluorides next to a
single Ybs' ion with an interstitial fluoride in the
closest interstitial site. In this case p=62' for
fluoride ions between the rare-earth ion and the
interstitial fluoride and P= 51' for fluorides on
the opposite side.

%e propose that one consistent way to explain
the extra resonances with large shifts in the [110]
direction is to assume they come from lattice
fluorides with two nearest-neighbor rare-earth
iona but that these rare-earth ions are not located
in the cubic center. Bather they are both dis-
placed in the same direction along a [100]axis
presumably towards neighboring interstitial
fluoride ions. This distortion would produce two
different types of lattice fluorides with different
values of P and R. To get a rough idea if this
model will quantitatively predict what we observe,
we can assume that the cubic array of lattice
fluorides is rigid and that the distortion of rare-
earth ion occurs only to the extent allowed by the
sum of ionic radii for the rare-earth and fluoride
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ions. For Ybs' the sum of radii is 214 pm which
predicts the two lattice fluorides between the Yb3'

ions to have values of /=64. 7', a =1.46&& 10 '
and P=46.7', a =0.76' 10 ~. The first set of
values is close to the experimental values of P
=63.5, a +a& —1.34' 10 3. The other set of
lines predicted by the second set of values would

be difficult to see because they would fall nearly
on top of the cubic lines for a lattice fluoride with
one nearest neighbor, at least for the [110]direc-
tion which generally gives the largest shifts. For
Dys' the sum of radii is 221 pm and would predict
p=61.1, a =7.32x10 'and p=-49. 2 a„=4.73
x 10 3. The second set of values are close to those
observed experimentally. The other set, of values
would predict lines of large and easily detectable
shifts but it may be that these lines are too broad
to detect easily due to very short T& values. This
is reasonable because the observed lines are con-
siderably broadened compared to those of fluoride
ions with one rare-earth neighbor so that it is
reasonable to suppose that the other set of fluorides
with their smaller value of R would have much
shorter T&'s than the observed sets. The reason
the- resonances from the set with the smaller R
value could be -seen in Ybs' and not for Dy ', Ho ',
and Tm3' is due to the much smaller magnetic
moment for Yb ' compared to the other ions.

For Nd3' we again have a small magnetic moment
comparable to Yb'. The sum of radii for Nd

' is
232 pm and predicts the values of P= 56.5', +
=0.73&10 ' and P=53.0, a =0.64&10 '. These
values are so close that only one line would be
detected predicting /=54. 7 and a =0.69& 10
These are close to the values found experimentally.

Although it is highly speculative it is surprising
how well this model accounts for what is observed
across the rare-earth series. There are still lines
that are unassigned. Most of those observed in
the [100] direction are undoubtedly interstitial
fluorides with one or more nearest-neighbor rare-
earth ions. The upfieM line in the [110]direction
of smaller shift for Dy', Ho3', and Tm' could be
a lattice fluoride with one nearby rare-earth ion
at a larger distance of 250—270 pm but this is
very uncertain.

If this interpretation is correct it could be de-
duced that the clusters giving rise to these extra
resonances have a sheet of rare-earth ions in a
(100) plane with an adjacent plane containing a
sheet of interstitial fluorides. The resonances
from the lattice fluorides with one nearest neighbor
could then come from cubic sites. The intensities
would require about half the rare-earth ions to be
in cubic sites and half in such clusters. It may be
that other geometrical arrangements would equally
well explain what we have observed, so we cannot

put this forth more strongly than as a suggestion.

C. T& measurements

A large number of studies of T& or T&, for F
in alkaline-earth fluorides doped with various
rare-earth ions have appeared, but only a few'

have reported variations with orientation and

mostly at temperatures well below room tempera-
ture. As we shall see, the main reason for not

detecting such dramatic changes at room tempera-
ture is the frequency used for measurement. Al-
though a few studies of T& at 30 MHz have been
reported, most studies have been done at fre-
quencies below 15 MHz.

The theory of T, in diamagnetic systems having

paramagnetic impurities was first presented by
Bloembergen who postulated that the bulk mag-
netization relaxed by diffusion towards a para-
magnetic site via the nuclear dipolar relaxation
and then was equilibrated with the lattice by the
interaction between the paramagnetic ion and the

nearby lattice nuclei. Two limiting cases were
distinguished: diffusion-limited relaxation and

rapid diffusion. In the first case the slow step
is the rate of diffusion of the magnetization to the
paramagnetic site. In the second case the rate is
determined by the rate of equilibration of neigh-
boring nuclei with the lattice via their interaction
with the paramagnetic ion. Khutsishvili 7 and

de Gennes'8 found equations for T& for the case of
slow diffusion while Blumberg~~ obtained the equa-
tion for the case of rapid diffusion. Bohrschach'
derived an equation for the region between the two

limiting cases giving the earlier results as proper
limits. Lowe and Tse3' extended Bohrschach's
theory to systems of higher concentration where
there can be more than one paramagnetic site and
also developed the theory for T„, the relaxation
time in the rotating frame. Important in all these
theories is the concept of a "barrier radius" in-

side of which spin diffusion cannot occur because
the local field of the paramagnetic ion has shifted
the resonance of nuclei inside the barrier too far
away from the other nuclei so that the spin-flip
mechanism, which requires both nuclei to have
the same resonance frequency is quenched. %e
shall show that the large variation observed for
T& in Nds'-doped crystals is due to large changes
in this "barrier radius with orientation.

The equation obtained by Bohrschach for T& is
T1 ——(s AVDP&) [I sg4(6)/Is/4(5)], (9)

a=P', /2f ', (1o)

P, = (C/D)' ' (1l)
where b is the "barrier radius, " and N is the num-

ber of paramagnetic sites per unit volume. & is
the diffusion coefficient for spin diffusion and I~(x)
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is the modified Bessel function. C is the parame-
ter relating the rate of equilibration of nuclei
through the paramagnetic ion to the distance be-
tween the nucleus and the ion

[~(~)] '=-c/r' (12)

A calculation of C requires a knowledge of the
correlation time for the interaction. We can
estimate it, however, from measurements of

T& made on a single crystal of NdF3. When the
magnetic field is along the c axis of NdF3, three
resonances are observed from fluorides in three
nonequivalent sites in the crystal. We have mea-
sured T& for these three resonances at room tem-
perature and found T& ——372 p, sec for the most
abundant fluorides in general sites and T& ——347
and 11V p, sec for the two special sites. If we take
the average value of these three numbers for
[v(r)] in Eq. (12) and r =220 pm, we obtain an
estimated value of ~=6.97&10 "mesec '.
has been estimated to be 13.0 & 10 ' m s ec '.
This gives then a value of P&

——271 pm.
For the [100] orientation of the magnetic field

we can see from Fig. 1 that the nearest fluoride
ions to the rare-earth ion have the same resonance
frequency as the bulk fluorides so that for this
orientation b =232 pm and 5 =0.68 which means
the system is in the transition region between the
fast and slow diffusion limits. Using Fig. 1 from
Rohrschachso and Eq. (9) this value of 6 gives

T&
——25 msec,

which is surprisingly close to the value of 29.4
msec found experimentally. For the [111]orienta-
tion all the resonances from the nearest fluoride
ion from both the fluorides with one nearest neigh-
bor and the clusters are well shifted away from
the bulk resonances and b must increase to the
distance from the next-nearest neighbor which is
about 454 pm. This value of b gives 5=0.18 which
in turn gives

T& ——170 msec,

which is again surprisingly close to the value of

177 8 msec found experimental, y
Thus we see that present theories will fully ac-

count for the large variation in T& with orientation
that was observed in this work. The reason
earlier studies failed to see this large variation
is due to the low fields they used in their studies.
In this case the resonances of the closest fluorides
overlap significantly that of the bulk fluorides at
all orientations such that 5 remains constant at
-232 pm and the system remains close to the
rapid diffusion limit. in all orientations. At sig-
nificantly lower temperatures the shifts become
much greater and the orientational dependence can
and has been detected. For a spectrometer oper-
ating at 10 MHz the temperature will have to be
-35 'K to see the same variation seen by us at
room temperature in CaF~(NdF2).

V. CONCLUSIONS

We have found that the significant clustering re-
ported by us for ErF3 and YbF3 doped into CaF2
at concentrations &0.5 mold& is exhibited by NdF3,
EuF3, HoF3, and TmF3 also and must therefore be
common for all rare-earth ions. Further, there
are systematic features in the NMR of fluoride
ions in these clusters that lead to interesting
speculations as to the nature of these clusters.
We have also found that the conclusions" we had
reached on spin transfer mechanism for pure
rare-earth fluorides hold also for those ions
doped into CaF&,. namely, that the polarization
mechanism predominates in the first half of the
rare earth series but the covalent mechanism is
not negligible and becomes predominant in the
second half of the rare- earth series. Finally we
have found a large anisotropy in T& for the bulk
fluoride resonances which is quantitatively ac-
counted for by theories presently in the literature.
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