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Transferred hyperfine interaction between the rare-earth ions
and the fluorine nuclei in rare-earth trifluorides
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H. G. Guggenheim
Bell Laboratories, Murray Hill, New Jersey 07974
(Received 20 September 1977, revised manuscript received 23 November 1977)

The isotropic and anisotropic transferred hyperfine interactions between F ions in the two chem-
ically inequivalent sites and the rare-earth ions (R) have been derived from !F NMR measure-
ments in the temperature region 100—300 K on single crystals of TbF; and DyF;. The isotropic
interactions are found to be negative and constant in this temperature region and with the numeri-
cal values decreasing slightly from TbF; to DyF;. The anisotropic interactions, when the point di-
pole contributions are subtracted, are found to be substantially smaller and about equal for the
two materials. The crystals contain two symmetry related magnetic sublattices 4 and B, contribut-
ing to the macroscopic susceptibility. The sublattice susceptibility has an off-diagonal component
x2 and x8 =—xZ. in the crystalline axes system. The orientations of the principal axes of the two
sublattice susceptibilities are found to vary only slightly with temperature. They are further as-
signed to definite R’s in the unit cell, which cannot be done from macroscopic magnetic measure-

ments.

I. INTRODUCTION

The heavy-rare-earth fluorides RFj all crystallize in
the orthorhombic structure Pnma (D3?) and belong to
the magnetic point group mmm. They show a variety
of interesting magnetic behavior. In that way they
constitute a system well suited as testing ground for
the theories of magnetic properties of rare-earth insu-
lators. On the other hand, they have a rather compli-
cated structure and low symmetry, which makes the
interpretation of the experiments somewhat complicat-
ed.

We have undertaken an experimental study of these
materials in single-crystal form from the low-temper-
ature ordered phases to well above room temperature
in the paramagnetic phases, using magnetometer
and NMR techniques. Here we report the results
of '"F NMR in TbF; and DyF; between 100 and 300
K, which turns out to be a region of simple magnetic
behavior compared to lower and higher temperatures.
(Also the temperature region below 100 K presents a
serious experimental problem, because the NMR lines
become extremely broad and overlapping.)

The earliest NMR works on these materials were
performed on powders,'~® but because of interfering
resonances from two different crystalline sites, the
results are of limited value. Four NMR studies have
been done so far using single crystals.®~® Our study,
however, is the first to take into consideration both
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the anisotropy of the macroscopic susceptibility and
the nondiagonality of the sublattice susceptibility in
the crystalline axes system.

II. CRYSTALLOGRAPHIC AND MAGNETIC
PROPERTIES

The Pnma unit cell contains four formula units of
RF;. The lattice constants together with other rele-
vant parameters are collected for the two materials
in Table I. For YF; it is found by Zalkin and Temple-
ton,’ that the four R3" ions are situated in the b mir-
ror planes at the (0.367, 0.25, 0.058) position and the
three positions symmetry related via the a and c glide
planes. Four of the 12 F~ ions are also situated in
the b mirror planes at (0.528, 0.25, 0.601) and the
symmetry-related positions (see Fig. 1). The other
eight F~ ions are at (0.165, 0.060, 0.363) and related
general positions. The four and eight chemically
equivalent F~ ions are called F;, and F), respectixe‘
ly. Each F(; has two nearest neighbors R's —~2.3 A
away and one R neighbor somewhat further away
~2.6 A. Each Fan pas the three nearest R neighbors,
which all are —2.3 A away. The relative positions of
the ions in TbF; and DyF; are taken to be the same as
in YF;.

Magnetization measurements have been done for
TbF; by Holmes and Guggenheim'® and for DyF; by
Johansson.!! TbF; is found to be ferromagnetic below
T =3.96 K with a saturation magnetization of 8.09up
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TABLE 1. Material data for TbF; and DyF; relevant for this study.

T
Material a b c Vel K p= 4x i-zrpx,, i-rrp)(b i‘rrpx.
Vcell 3 3 3
(A) (A% (107 g) (g/cm?) (%)
TbF; 6.513 6.949 4.384 198.4 359 7.236 29 1.0 0.9
DyF; 6.460 6.906 4.376 195.2 364 7.456 2.0 2.5 1.1

per ion along the a direction. It is further found to be
possible with a magnetic field along the ¢ direction to
induce a magnetization of 3.84up per ion along the ¢
direction. This behavior can be understood, assuming
that the Tb ions are situated in two magnetically ine-
quivalent sublattices 4 and B oriented in zero field as
shown in Fig. 1(b). (This structure belongs to the
magnetic space group Pmna.) A strong c direction
field induces a spin flip in one of the sublattices, so
that the moment configuration becomes as shown in
Fig. 1(c). (The magnetic space group changes to

Pmna.) It is further assumed, that the Tb crystal
ground level is an accidental doublet |J =6, M, =16),
having g =% and therefore, | | =9u3, so that the
axis of quantization makes an angle of 25° with the a
direction. DyF; is found to order ferromagnetically
along the b direction below 2.8 K and the magnetiza-
tion to be 8.4up per ion, where the theoretical max-
imum possible moment is 10up per ion. (The mag-
netic space group for this material is Pmna.)

In the paramagnetic phase one of the principal axes
of the sublattice susceptibility tensors X4 and X2 is

%

\

beosh aEs1A

FIG. 1. (a) Arrangement of the R’s and the F,’s in the y =% and y =% mirror planes for TbF; and DyFj3; (b) magnetic
structure of TbF; in the ordered phase in zero ﬁa field; and (c) magnetic structure of TbF; in the ordered phase in a strong H,

field along the ¢ direction.
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fixed by symmetry to be the b direction, whereas the
orientations of the two principal axes in the b plane
are not given by symmetry.

III. THEORY

The samples used in the experiments are of spheri-
cal shape, and some of the following expressions are
only valid for this case.

The effective local field at an F ion i is

3/ + (LT +eNIM,
p

H=H,+H/+H/=H,+3,
i

— i
-, +3 M M
i P

where H, is the applied field. H ?and H/ are the di-
pole and transferred hyperfine fields from the R mo-
ments. M, is the sublattice magnetization of the jth
sublattice (4 or B) and 3; and {/T +%€’ therefore the
tensors relating the dipole and transferred hyperfine
fields to the magnetizations. &, =25, +Z, 1 +€ we will
call the shift tensor. The transferred hyperfine cou-
pling is further divided into the isotropic {/ and the
anisotropic traceless € part. p is the density of the
material (see Table I). (Where it is relevant, the no-
tation is the same as introduced in Refs. 12 and 13.)
Whereas {/ and € depend in details on the electron
system of the material, '5/ can be calculated straight-
forwardly,
- 3T U UK T (y,U0)2
5, =« — s
P (,’m))s
sphere

0))

where « is the mass per formula unit and T'*) the
vector from the ith fluorine to the kth R ion of sublat-
tice J.

At low field and far above the Curie point, which
apply to the experiments presented here, the local
field is

H,=H,+ @ 'x*+3’X® H,
=[T+@F'X"+5°X®
x T+4mp¥) 18, | ®

where H;, is the inner ﬁ_.eld, and where the sublattice
susceptibilities X* and X ? for symmetry reasons have
the form

;4 - ')Zdiu; + ’x.oﬂ' ‘X’B_ ‘idiag _ ’x’oﬂ"

X./2 0 0
Xism| 0 x,/2 0 |,

0 0 x./2

0 0 X,
XT={0 0 0

Xe 00

The maximum sizes of the small corrections
4 >4 T die
TTpX =Fmwp2 X 4)

are found in Table I.

In the crystalline and in the sublattice susceptibility
principle coordinate systems, respectively, X # has the
form

Xa/2 0 X
X*=|0 x,2 0
Xoe 0 Xx./2
and
Xx 0 0
X*=10 x,/2 o] , )
0 0 x
where
Xx:=0=xm.cos29+%(X..—-xa)sin29
or
2X,.(T)
8(T) =+ —
(T) zarctanxa(T)*x((T) ,

with @ being the angle between the a and x axis.
In NMR the relative line shifts K, are measured,
which using Eqgs. (3) become

K, =(H -H,)/H,=T, (5, X" +5, XM

X (T+%1rp3(.)"TH ,

* 4, B
=7, 0o, , (6)

g,
with Ty being a unit vector along H,. [Although the
corrections (T+%1rp7<’)“‘ have been used in the
analysis of the data they will be omitted in the follow-
ing formulas for clarity.]

There are 12 @, to consider with /i running over the
12 F ions in the unit cell. Because the four F(I)’s are
situated in the b mirror planes, the corresponding @,
have the form

and
+ _ 4+
0 0 +O01ac
—~t % +
O =0 = 0 ialb‘b 0 » (7)
— +
Fo 0 Torw

with those F; related tbrough the inversion centers of
the structure having &, equal.
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For the eight F(,), being in general positions, all
tensor components are nonzero. Also F related via
the inversion centers have &,~ equal:

+ + +
Ollga Oliab Oliac

— = _— _ + + +
o) =0 =015 = |Tlias Tiies Tiibe| »
+ + +
Tllac Tlibe  Tlice
+ - +
-t %
onp=0o=|— + —|,
+ - +
(8)
¥ F
- % _
op=op=|¥ * %{|,
F x t
and
i
- _t _
oe=op=|t * ¥,
F ¥

where for brevity only the sign of the components, for
the tensors symmetry related to @, and @ys, are
shown, because the numerical values are the same for
all eight tensors. [Note—what at first might be a
surprise —that the sign of the ac components of &, is
the same for all four F;) and for all eight F.]

As can be seen from Eqgs. (6)—(8), the F, and Fy,
give rise to two and four NMR lines, respectively,
when the field is applied in a general direction. For
the field limited to rotations in the crystalline planes,
the Fourier components of the shifts are evaluated
from Eq. (6) and presented in Table [I. The two F,
NMR lines coalesce into one in the a and c¢ planes,
and the four F,, lines into two in all three planes for
symmetry reasons. Furthermore with the field along
any of the crystalline axes F; and F;;, give rise to

ROTATION (DEGREES)

FIG. 2. Experimental NMR rotation pattern for ﬁa rotat-
ing @ —b—c—aat 300 K for TbF;. Solid lines, F, reso-
nances; dashed lines, F ;) resonances.

only one line each. Figure 2 shows the experimental
TbF; NMR rotation pattern at 300 K for H, rotating
a — b —c —a. One notes that it agrees with the stat-
ed symmetry requirements.

In principle the maximum amount of experimental
information is available from these rotation spectra
taken at various temperatures. In practice, however,
it turns out that the NMR linewidth inhibits sufficient
accuracy in the experimental values of the product of
the appropriate susceptibility component and o,

T ey Tllab, Tlibes Tige OF one of the three off-diagonal
components of ’&'.T. Therefore, we limit the discussion
t0 oz, Oac, and the diagonal components of Ef and
&n. These eight quantities, as we shall see, give i+n-
teresting and convincing evidence for a simple @,
behavior.

One should+note from Table II, that this limited
number of &@,~ components can be derived solely from

the shift measurements with H, along the crystalline

TABLE II. Fourier components of the NMR rotation spectra, for rotating in the three
crystalline planes @a — b, b — ¢, ¢ —a, in the expression

AH,(¢)
H

a

=K cosld + K,% cospsing + K" sin’¢

K{* =0fora—band b —c. (Note that K ° is also the shift K,* for ﬁa applied along
the starting crystalline axis a of the rotation spectrum.)

H, rotation K fos K Ksin
a—b CI'I:;axa + o':;cxm' i[O'r;b(xa + Xb) + U/;rxaz‘] or0 0’:;>-bxb
b—c T X tlof. (X, +X.) + 0 5,X,) or 0 TEX o5 X

c—a T X T Xge tlog. (X, +X,) + (o, + o)X, ] ai X, + 05X,
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TABLE IIl. Dipole tensors E,i and ‘gni and their fastest variance with F and F; translations | V- -g,i(Tf)I for TbF; and DyF;,
. . . . ° . .
calculated by clamce summation over spheres with radius 25 A and checking for convergence (estimated uncertainty of F positions
is +3 x 1072 A on all coordinates not fixed by symmetry, giving a systematic uncertainty on the ‘g’i components of interest to us of

the order of +4 g/cm?3 for both sites).

Sublattice
Material  site sum (+) 3% (g/cm?) IV?FE,i(‘f)l (8/cm3/1072 &)
or
difference (-) a b c be ca ab a b c be ca ab
I + 2 -6 41 0 35 0 LI 03 13 - 45
- -91 -1 93 0 =5 0 . 0.7 . s .
ToF, =5 0.9 1.5 0.9
I + -3 34 =31 -41 33 -l 09 10 04 16 05 1.0
- 10 —48 3 —4 13 -56 0.9 0.3 0.8 0.8 0.4 0.8
1 + 24 67 43 0 38 0 LI 03 13 - 45
DyF, - -99 -1 100 0 =6 0 09 0.7 1.5 - 0.9
it + -3 37 =33 -4 36 -l 09 1.0 04 16 05 10
- 10 -52 42 -3 14 —61 0.9 0.9 0.8 0.8 0.4 0.8

a, b, and c axes. Therefore, only the temperature
dependence of these shifts (called K, for H,lla@, i =1
or II, a=a, b, or ¢) will be studied in delail;+

Whereas the temperature dependence of 8, prob-
ably is negligible, being of the order of the tempera-
ture dependence of the crystalline volume, all other
quantities may in general be essentially temperature
dependent:

K. (T) =0 eXo+ Tz Xae
=84+ L (T) + €% (T) X (T)
+ 85 + €. (DX, (T) ,
a=4a or ¢
Ki(T) = a5 Xs
=083 +¢(T) + €}, (T)]x,(T)

i=LI . (9)

A problem in trying to determine the transferred
hyperfine quantities from Eq. (9) is, that X,.(T) can-
not be found from macroscopic measurements, be-
cause the two sublattice contributions cancel out.

Eliminating the terms containing X,.(T), leave two
experimental quantities per F site, the temperature
behavior of which is to be considered:

(10a)
K. (T)=K,(T) —K(T)
=0, (T)X(T) =} (T)x (T) i=L1 .
Ky (T) = 0 4, (T) X, (T)
(10b)

From the known crystal structure the four dipole ten-

SOrs 'S.,i (i =1 and II) for TbF; and DyF; are calculat-
ed usingOEq. (2) and summing over spheres with ra-
dius 25 A and checking for convergence. The results
are shown in Table III, and because the F positions
are somewhat uncertain |V=3,(rp)| (ing/cm?/1072 &)
are also included. [| V-3, (rf)| is the fastest variance
of 8,(¥¢) for F translations.]

1V. EXPERIMENTAL PROCEDURE

The single crystals of TbF; and DyF;, grown from
the melt using a modified Stockbarger technique,'*
were ground into spheres of approximately 2-mm di-
ameter with a sphericality better than 1%. The
spheres were oriented by conventional Laue x-ray
technique, and the orientations were checked directly
in the NMR sample holder.

Some NMR rotation spectra were taken to check the
overall behavior at room temperature, at liquid-N;
temperature and at an intermediate temperature, but
most NMR measurements were performed with the
H, field along either the a, b, or c axis of the crystal.
In these measurements the deviation between the H,
direction and the crystalline axis was always less than
one degree.

As shown in Fig. 3 a self-supporting five-turn coil
of lacquered copper wire 0.4 mm in diameter was
placed around the sample and connected through a
0.5-m-long silvered coaxial line to a Robinson-type
NMR spectrometer. The spectrometer frequency was
kept fixed around 32 MHz and the magnetic field
swept through the resonances and monitored with a
field-locked NMR gaussmeter.
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The temperature was monitored and regulated by
means of a four point measurement of the resistance
of a copper wire, 1 m long and 0.03 mm in diameter,
induction free wound in close proximity to the sample.
The sample compartment was evacuated and sub-
merged in liquid nitrogen, and the sample was heated
by a copper wire 0.07 mm in diameter induction free
wound on a brass tube surrounding the sample. The
temperature was kept fixed to within 0.2 K during an
NMR scan, which lasted ~15 min. [The Ge ther-
mometer is for low-temperature measurements and
not used in the experiments described here.]

V. RESULTS

The measured K., (R)’s are shown in Fig. 4(a) for
TbF; and in 4(b) for DyF;. The NMR linewidth
versus temperature is indicated, and it can be seen
that especially for TbF;, the accuracy of the experi-
mentally determined shifts will deteriorate fast below
100 K. The macroscopic susceptibilities X are also in-
cluded in Fig. 4(c) and 4(d) for comparison. It can be
seen that K;(T) and X,(T) are proportional, whereas
K (T) and X,(T) for a=a or c are not. The propor-
tionality between K;(T) and X,(7T) means that o}, is,
in fact, independent of temperature in the tempera-
ture region considered.

In the following procedure for extracting the
transferred hyperfine parameters, average experimen-
tal shifts and macroscopic susceptibilities at six
representative temperatures T, =105, 120, 145, 175,
220, and 300 K, are used.

In Table IV, o, for the two materials, and the ex-
perimental standard deviation

6 12
Si=|L S KT —opxo (O] i=Lu

n=1

an

is first shown. o}, for DyF;—derived from by far the
largest experimental shift, K¢ (105 K) =—67 x 10—

might show a slight increase with temperature of
~1.5% going from 300 to 105 K. But apart from that
case, o, stays constant, considering the experimental
inaccuracy of the measured shifts of ~+0.3 x1073.

o}, in general being temperature independent in-
side the experimental accuracy, suggests that also o,
and o, might be temperature independent. There-
fore it is next examined, whether Eq. (10a) is well
satisfied for some set (o2,, o). Such a set turns out
to exist in all four cases. The corresponding minimum
in the standard deviation

1

6
5 2 [K;((Tn) - o'lzaxa(Tn)

n=1

Sac=

1/2
- ot xAT))? (12)

lies inside the experimental accuracy. oj,, o, and
S, are included in Table IV.
Further

+ 1 + + et oyt
g: —?(U:aa +o-lbb+o-l(‘(') B slau+51au—alaa gl »

and (using the calculated 8},,) €, with a=a, b, and
¢ are extracted and presented in Table IV.

Finally, knowing (o },, o), 02.(T,) X, (T,) are
derived from Eq. (9) and compiled in Table V. As an
example the contributions X0}, and X,. 05 to K/,
(a=a or ¢) is shown for TbF; in Fig. 5. Also present-
ed in Table V is

1 —
5 Tiac Tn tan26 Tn =
7 7T an20(T) = Ty (T,

For site-1lI F this quantity is experimentally undeter-
mined at temperatures above ~—175 K due to its
smallness. For site-I F and for site-II F at lower tem-
peratures it is seen to depend much less on tempera-
ture than X. It might well be that o, is temperature
independent and only 6(T,) is changing some (~5)
degrees in the temperature region considered.

TABLE IV. The diagonal components of the tensors '&‘f. (‘5,+ +%€%), and €" and the isotropic transferred hyperfine coupling L,
(in g/cm?). For comparison %‘n’p is ~30 g/cm’. The standard deviation between measured shifts K,* and the best fitting shift
tensor diagonal components (in units of 1073). Accuracy of the measured shifts ~+0.3 x 1073, (The diagonal components of €,*
are not very well determined, due to the experimental inaccuracy of +1 g/cm? and the systematic uncertainty of +4 g/cm? com-

ing from F-position uncertainties.)

Malerial Site i a'zb S“’ 0'1:0 a,‘*.‘. s‘;f Cf' stZa + Ei:a 81;1’ + El;b 8l:"( + ‘:E- e/:;a El;b G,‘:‘(,
TbF, 1 -75.9 0.2 2.7 31.8 0.2 -138 16.5 —62.1 45.6 -5 1 4
(| 9.4 0.1 -17.5 -40.6 0.1 —-16.2 -1.3 25.6 —-24.4 2 -8 [3
DyF, | -77.6 04 4.1 348 0.3 -129 17.0 —64.7 47.7 -7 2 5
i 18.2 0.2 -150 —432 0.1 -133 -1.7 31.5 -29.9 1 -5 3

Accuracy +1 <. +1 +1 B 3 | +1 +1 +1 +1 + (systematic + 4)
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FIG. 3. Setup for NMR measurements on spherical
(magnetic) samples at various temperatures.

VI. DISCUSSION

In recent years considerable doubt has been raised
to the viewpoint that isotropic and anisotropic
hyperfine coupling strengths are essentially tempera-
ture independent. Some experimental evidence exists,
which indicates that an appreciable change of strength
may occur between room temperatures and liquid-He
temperatures.'* Also it has been calculated, using the
covalent model of spin transfer,'® that such a change
is theoretically possible, originating in the very
different population of the crystal split-ground multi-
plet in the two temperature regions. The present pa-
per shows that from 100 to 300 K the isotropic
strength {,* does not change appreciably with tempera-
ture. Whether any change would appear, if linewidth
had allowed data to be taken at still lower tempera-
tures, is of course not known. However, in studies of
somewhat similar systems, where we have been able
to follow the NMR lines all the way down to liquid-He
temperatures, no strong change in the coupling
strengths has been found.!’

The isotropic transferred hyperfine couplings {," are
negative and of the same order of magnitude for both
F sites and both materials. (That they are negative
means by our convention that the effective field is

smaller than it would have been without the cou-
pling.) This is similar to what we have found for the
LiRF, system.!> The accuracy of ~+1 g/cm’ does not
call for a detailed comparison between the various ¢,'.
Two features, however, should be noted: (i) the nu-
merical values for TbF; are somewhat larger than for
DyF; and this seems to be a trend also found for oth-
er groups of materials containing Tb or Dy; (ii) while
Fi has three R neighbors all ~2.3 A away, only two
of the threeoR neighbors of F(; is 2.3 A away and the
third ~2.6 A away. Thus it is reasonable that the ab-
solute value of {i is larger than that of {*. A similar
relation is found between ¢} and {* in ErF; by Mus-
tafa et al.®

As mentioned earlier, the uncertainty in the correct
F positions (~+3 x1072 A on coordinates not fixed by
symmetry), caused the calculated dipole tensor com-
ponents 8%, to have systematic uncertainties, which
we judge to be ~+4 g/cm?®. This means that the an-
isotropic transferred hyperfine tensor components €%,
are not well determined. It can, however, be stated
that it is not possible with any reasonable set of 3,
values to bring all €}, near to zero. We therefore
conclude that _€l+ is not vanishingly small, but appreci-
ably smaller than {*. It should also be pointed out
that for a given F site, the €, values are not entirely
uncorrelated comparing the two materials. This obser-
vation gives further confidence in the reality of non-
vanishing 'E‘,+’s.

Also the smallness of the anisotropic transferred
hyperfine interaction, compared to the isotropic one,
seems to be a universal feature, when rare-earth ions
are involved, as can be seen from a comparison to
Refs. 8 and 13.

In Table V the values of o, X, and of

30 tan20 =0z Xae/ (X — X.)

are collected. Also included as an aid in the discus-
sion is 8. and its uncertainty +A3,.. First it is seen
that the two materials show large similarities in these
parameters, and therefore they will be discussed to-
gether. On the one hand, it is noted that o, X, and
o1 Xac have opposite sign, corresponding to what has
been calculated for 3;;. and 3;;,.. On the other hand,
while the ratio o5/ o, only can vary between —3.5
and —6.5 due to the experimental inaccuracy, the cal-
culated ratio 8;,./8,j,. can only vary between —0.07
and —0.8 with the limits set by the F-position uncer-
tainties. The nonoverlapping of these two regions
makes it clear that tensor components €. and €, of
the order of the diagonal ‘E’f components necessarily
have to be present. If, say €. = €, =—7 g/cm’, the
calculated o,/ 0. can vary between —1 and —4,
overlapping the spread in the experimental ratio (=3.5
to —6.5).

It is probably safe to state that o, <0 and
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FIG. 4. Measured shifts K{* (T) and K (T) with the applied field H, parallel to a = the a, b, and ¢ axis. The linewidth (the
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aa acr we

ana > 0. The opposite sign combination would re- This assignment is not possible from the macroscopic
quire | €| > 12 g/cm?, which seems to be an unrea- magnetization measurements.] The orientation in the
sonably large value compared to the values of the €' b plane of the sublattice susceptibility easy axis x (or
components of Table IV. The fact that the sign of of the R moments in the ordered phase of TbF;) is
o is known, connects the direction of the principal such that a vector from the nearest F;, to the R
axes of the sublattice susceptibility tensors X and X2 points between the a axis and the x axis (or the R

in the b plane to the surrounding structure. [If, furth- moment). The assignment is shown in Fig. 1.
ermore, these directions do not change drastically If the o,.’s are in the neighborhood of the most
(i.e., of the order of 45°) going down to liquid-He likely values o;. =—16 g/cm?® and o7, =4 g/cm’,
temperatures, also the R-moment tilt angles 0 in the the sublattice susceptibility angle 8(7) is ~29° and
zero field-ordered phase of TbF; are assigned to the ~33°at 105 K for TbF; and DyF;3, respectively,

two magnetically inequivalent parts of the unit cell. whereas it increases to ~33°and —35°, respectively,

TABLE V. Results compiled from Eqs. (5) and (9).

Material Site i Temperature (K) 105 120 145 175 220 300 8.8 AS,,¢

: | TiaKat ~717  —625  —483  —372  -2.65 ~1.60

TOF, 3 oy an26® -13 -13 ~14 15 -17 -18 -5 +4
I OitacXac® 2.10 1.52 0.91 0.54 (0.20) (0.09)

S il 1an26° 3.4 32 2.8 2.2 e e 13 +2
| O Xae -570  —488  -386  -310  —227 ~1.61

DYF, 3oy, tan26® -20 -20 -20 -20 -21 -22 -6 +4
I OitacXac® 1.50 1.03 0.58 038  (0.13)  (-0.03)

2 i tan26® 5.2 42 3.0 - . - 14 +2

4Experimental o, X, in units of 1073, Accuracy ~+0.3 x 1073,
3

®Calculated %(r,;t. 1an20 = o ;. X,/ (X, — X,.) in g/cm>3. Accuracy ~+1.5 g/cm>. If o, is considered temperature independent,
O/ Tliac is ~=5 £ 1.5 for both TbF; and DyF;.

Calculated 8. and their uncertainty A5, (units of g/cm?) due to the uncertainty in the F positions.
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at 300 K. These statements concerning the absolute
value and the temperature dependence of # are of
course very uncertain and should only be taken as an
indication that the directions of the sublattice suscepti-
bility principal axes do indeed stay nearly fixed from
liquid-He temperatures to room temperatures. Fixed
b-plane principal axes are in general not obvious, if
this is not symmetry required. The axes are only
fixed in the high-temperature limit, where X4 is en-
tirely determined by the R ion and the second-order
terms of the crystal-field expansion at the R of type A.
The principal axes will point along the axes of that
coordinate system, in which the second-order terms
can be expressed solely by a linear combination of
09(T) and 03 (7).

The fact that the principal axes seem to stay rather
fixed far below the high-temperature limit is similar to
what we have observed concerning the principal axes
of the magnetization anisotropy in the basal plane of
LiRF,. They are not fixed by symmetry either, and
yet their directions do not change appreciably from 1.3
to 150 K (Ref. 18).

VII. CONCLUSIONS

The isotropic and anisotropic field shifts at the two
chemically inequivalent F-ion sites in TbF; and DyF;
have been found from '’F NMR measurements in the
temperature range 100—300 K.

The anisotropic field shifts are mainly due to the
magnetic dipole fields. The anisotropic transferred
hyperfine interactions are an order of magnitude less
than the magnetic dipole interactions and probably
roughly equal for the two materials. The isotropic
field shifts, due to the isotropic transferred hyperfine
interactions, are found to be negative and almost tem-
perature independent and with nearly equal strength
for both sites and both materials.

The sublattice susceptibility component X,.(T) is
found to be comparable in size to the diagonal com-
ponents, in the sense that it is not possible to interpret
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the measurements neglecting X,.(7). This is opposite
to the findings for TbF; and ErF; by Mustafa et al.®
The orientations of the principal axes of the two sub-
lattices are assigned to definite R’s in the unit cell,
i.e., to the crystalline surroundings of the R’s. This is
not possible to do from the macroscopic magnetic
measurements. Finally the temperature variations of
the orientations of the sublattice susceptibility axes are
found to be moderate.

It has turned out that even with great experimental
care, it is hard to obtain an accurate determination of
all transferred hyperfine parameters in crystal systems
as complex as RF;. This is due to (i) uncertainties in
the exact positions of the fluorines, and (ii) the oc-
currence of magnetic sublattices, the principal axes
directions of which are not known from other studies
and furthermore may vary with temperature. Studies
aiming at very accurate and reliable transferred
hyperfine data should therefore preferably be done on
crystals of simple structure with F and R positions as
well as susceptibility tensors axes completely fixed by
symmetry. Some of these requirements are fulfilled
by the LiRF, system on which we will report in the
near future.
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