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The anisotropic magnetization of TmSb at 20.4 K has been measured in applieddc fields up to
144 kOe. The experimental results are in excellent agreement with isothermal crystal-field-
only theory for parameters deduced from earlier pulsed-field experiments at 1.5 K. This
resolves an ambiguity posed by earlier pulsed-field magnetization experiments at 20.4 K, the
results of which fell between the adiabatic and isothermal crystal-field-only theoretical
curves., High-resolution dc measurements of the magnetization at 1.5 K have also been made
up to 52 kOe and are in good agreement with the earlier pulsed-field data.

I. INTRODUCTION

Analysis of the low-field susceptibility as a func-
tion of temperature and of the high-field aniso-
tropic magnetization at 1. 5 K for TmsSb led to the
conclusion that TmSb serves as a model crystal-
field-only paramagnet. '¥ This conclusion was
subsequently verified by inelastic-neutron-scat-
tering experiments.® The fact that TmSb acts as
an ideal crystal-field-only material is of interest
for two reasons. First, the magnetization and
neutron experiments provide information on crys-
tal field parameters that any ab initio theory of the
crystal field must explain. Second, anisotropic-
magnetization experiments serve as a valuable
tool in the study of exchange effects*'® as one ap-
proaches the critical value of exchange for mag-
netic ordering in singlet ground-state systems?®;

o

the behavior of TmSb, for which there is no detect-
able exchange,z'3 serves as a basis of comparison
in discussing exchange effects in other systems
such as*® Th,Y,_Sb.

Only one discrepancy occurred! inthe comparison
of the magnetic data for TmSb with those predicted
on the basis of crystal-field-only behavior. The
results of pulsed-field experiments at 20.4 K did
not agree with the predictions of isothermal crys-
tal-field-only theory for the same parameters that
described the behavior of the low-field susceptibility
as a function of temperature and the high-field
anisotropic magnetization at 1.5 K. In Ref. 1, it
was suggested that this discrepancy could arise
if the spin system is unable to remain in equilib-
rium with the bath at 20. 4 K during the pulse. If
that were so, one would expect the pulsed-field
magnetization data at 20. 4 K to lie between the

2040



6 dc ANISOTROPIC MAGNETIZATION AT 20.4 K AND ... 2041

isothermal and adiabatic crystal-field-only theo-
retical values as observed in Ref. 1. (This
question does not arise at 1.5 K. There is effec-
tively no distinction between the adiabatic and iso-
thermal magnetizations at 1.5 K, since essential-
ly all the population is in the ground state at all
fields experimentally attained.) It was also pointed
out that the comparison of the experimental aniso-
tropic magnetization of TmSb at 20. 4 K with the
prediction of crystal-field-only theory could be
made unambiguously by performing the magnetic-
moment measurements in a dc field, so that iso-
thermal conditions would strictly pertain. The
results of such dc experiments are reported here—
the agreement with the crystal-field-only theo-
retical isothermal magnetization for the param-
eters indicated by the earlier susceptibility, the

1. 5-K magnetic data, 2 and neutron-scattering ex-
periments® is excellent. We conclude that the de-
scription of TmSb as a model crystal-field-only
paramagnet is justified.

II. EXPERIMENTAL METHODS

The dc magnetization measurements were made
on two oriented TmSb single crystals; one was
employed for the [100] data and one for the [111]
data. No chemical analysis was made on these
crystals; however, they were chosen from the
same source materials as those used for the ear-
lier reported data. !'2

The magnetic moment was measured at high
fields in water-cooled Bitter solenoids with a low-
frequency vibrating-sample magnetometer (VSM).”
The samples were immersed in liquid H, for mea-
surements from 14 to 20.4 K. Only the 20. 4-K
data are presented here because these are directly
compared with the earlier pulsed-field measure-
ments. Because we were interested in clarifying
relatively small differences, considerable care
was used in calibration. The high-field data were
normalized with much-higher-resolution measure-
ments in a conventional® VSM adapted to a super-
conducting solenoid. These VSM data extended to
60 kG and to T~ 30 K. The samples were in con-
tact with He gas and the temperature was measured
with thermocouples to +0.1 K. The accuracy of
the magnetic moment vs field of the high-field data
(normalized to the lower-field data) is well within
2%. The data presented below show the applied
field vs magnetization. Depolarization correc-
tions are estimated to be less than 2%.

III. RESULTS AND DISCUSSION

In Fig. 1, the present dc magnetization values
are superimposed on Fig. 2 of Ref. 1. Figure 2
of Ref. 1 gives the pulsed-field magnetization
curves for TmSb at 20.4 K and the theoretical iso-

thermal and adiabatic magnetization curves for
fourth-order-only crystal field anisotropy with the
W parameter giving the crystal field splitting
chosen to match the low-field susceptibility in the
limit of 7=0 K. (In the present Fig. 1, the theo-
retical isothermal curves have been extended to
somewhat higher field than in Fig. 2 of Ref. 1.)

The present dc data, shown in Fig. 1, are dis-
tinctly different from the earlier pulsed-field data,
and are in close agreement with the isothermal
crystal-field-only theory. Presumably this dif-
ference indicates that the spin system is in thermal
equilibrium with the bath only for the dc measure-
ments.

The crystal field Hamiltonian for a rare-earth
ion in an octahedral crystal field has the form

Hep=Bs(0J+50%) +B4(03-210%) . (1)

Here 02, 0%, 09, and 0% are specified operators
for a given J (J=6 for Tm%), and the axis of quan-
tization has been chosen parallel to a crystal axis.
The operators Of and O} are fourth order in the
components of J, while 0 and O% are sixth order
inJ. Thus the crystal field Hamiltonian is com-
pletely determined by symmetry considerations
except for the constants B, and B;. Rather than
deal with B, and By, it is often more convenient to
treat two other parameters, ® x and W. The ratio
of fourth- to sixth-order anisotropy is given by x
and the absolute scaling of the crystal field energy
levels is given by W:

By _ x F(86)

B, 1-1x| F@) ° 2)

B,F(4)=Wx . (3)

Here F(4) and F(6) are numerical factors known
for a given J.

The crystal field parameters used in Fig. 1 are
x == 1 (fourth-order-only anisotropy) and
W=-0.887 K. These were the parameters ob-
tained in Ref. 1 by taking x=- 1 and choosing W
to match the low-field susceptibility (x) in the limit
of zero temperature. Actually, the susceptibility
data by themselves are not sufficient to give a good
determination of x and W independently, but only
provide a linear relationship between them. This
is because the 1/x-vs- T behavior depends strongly
only on the crystal field splitting from the I';
ground state to the T, first excited state. The 1/x
value as T-0 requires that this splitting be 26.6
K. This in turn implies the relationship

(22x-8)W=26.6K . (4)

Now in Ref. 2 it was shown that the anisotropy of
the high-field magnetization at 1.5 K served to
restrict x to the predominantly fourth-order range
from x=-0.6 to x= -1, where for any x, W is de-
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termined from Eq. (4). Figure 2 reproduces part
of the results of Ref. 2. As shown in Fig. 2, for
the range of x from - 0.6 to - 1, the variation of
anisotropy of the 1. 5-K magnetization as x varied
[subject to Eq. (4)], was small—trying to select a
particular x was unjustified with the existing ex-
perimental accuracy. On the other hand, as dis-
cussed thoroughly in connection with Fig. 4 in Ref.
2, one could use the 1. 5-K anisotropic-magnetiza-
tion data to eliminate x values outside the predom-
inantly fourth-order range.

High-resolution magnetization measurements

have been carried out between 4.2 and 1.5 K in
order to search for any systematic deviation be-
tween the pulsed-field experiments and the various
theoretical curves in Fig. 2. Magnetization data
at 1.5 K and up to 52 kOe are in excellent agree-
ment with the earlier pulsed-field data and the x
=—1, W=-0.887 K curves. At 42 kOeand 1.5K,
M[100]=3.18 pg/molecule and M[111]=3.96 up/
molecule. (The pulsed-field data are M[100]=3. 14
pg/molecule and M[111]=3.91 pz/molecule.) The
change in M at 52 kOe is <0.5% from 4.2 to 1.5 K.
(The calculated change of M vs temperature is
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FIG. 2. Magnetization of
TmSb at 1.5 K. The experi-
mental results are the
pulsed-field data of Vogt and
Cooper (Ref. 1). Thex=-1
and — 0. 6 crystal-field-only
theoretical curves have been
given previously by Cooper
and Vogt (Ref. 2) and the x
=-0, 785 curves are for pa-
rameters from the neutron-
scattering experiments of
Birgeneau et al. (Ref. 3).
(The {100) curve for x=—0.6
coincides with the x=~1
curve.)
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~0.1% for [111] and < 10™* for [100] for the crystal
field chosen above.) Furthermore, the field de-
pendence of the magnetization is essentially the
same for both 1.5 and 4. 2 K for each orientation.
For each orientation the susceptibility at low field
(H < 3 kQe) is independent of temperature (within

+ 2%) between 4. 2 and 1.5 K and slightly (< 10%)
lower than that in Ref. 1. [A corresponding larger
splitting would be in order in Eq. (4); the calcu-
lated results would not be very different from those
presented here. ]

In Fig. 3, we compare the present dc experi-
mental values of magnetization at 20. 4 K to the
crystal-field-only isothermal magnetization for

=-0.6 and — 1, with W given by Eq. (4). This
then shows the full range of crystal-field-only
anisotropic-magnetization behavior at 20.4 K that
is consistent with both the susceptibility as 7- 0
and the anisotropic magnetization at 1.5 K. The
(111) dc data fall between the x=—0.6 and x=—1
curves, while the (100) data fall slightly below the

=~-0.6 and x=~1 curves. Thus the 20.4-K dc
data are completely consistent with the behavior
expected for the range of x values selected by the
1.5-K data of Refs. 1 and 2. Moreover, this is
distinctly different from the behavior expected for
other x values (see the x=—0. 2 curves in Fig. 3).

The possibility of using the present 20.4-K data
to restrict x to some particular value or very
narrow range of values within the present x=-0.6
to — 1 range is attractive. It would be interesting
to see the closeness of agreement with the values
x=-0.785 and W=—0.994 K found in the neutron-
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FIG. 4. Comparison of dc magnetization data of TmSb
(above 70 kG) with crystal-field-only theory for several
values of x and W including the x =— 0. 785 value obtained
from the neutron-scattering experiments of Birgeneau
et al. (Ref. 3).
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scattering work of Birgeneau ef al.® This x value
is almost exactly in the middle of our allowed
range, while the W value is about 6% smaller than
the W given for that x by Eq. (4).

In Fig. 2, we have included the theoretical mag-
netization curves at 1.5 K for the x and W of Bir-
geneau ef al.® There is no reason for choosing or
rejecting their x and W compared to the x=-0.6
and x = —1 already discussed. Figure 4 includes
the magnetization curves at 20. 4 K for the Bir-
geneau et al.® x and W, a curve for x=—0. 785,
but W=-1.053 K as given for that x by Eq. (4),
as well as the x=- 0.6 and - 1 curves already shown
in Fig. 3. We note that the x=-0. 785 curve with
W chosen by Eq. (4) is much further from the x
=—1 curve for (100) than for (111). The differences
between the various curves in Fig. 4 are such as
to preclude selecting a more specific x value with-
in the accuracy of the present data.

While the accuracy of the magnetization experi-
ments could be improved to choose an x more
narrowly defined within the — 0. 6 to — 1 range, the
effort involved in doing this does not seem war-
ranted since the neutron-scattering experiments®
have selected a very definite x value. For that x
value, x=-0. 785, the low-temperature suscepti-
bility behavior indicates a W value about 6%
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greater than that given by the neutron experiments.
This difference in W values is within the combined
experimental uncertainties.

We can then say that the susceptibility-vs-tem-
perature and high-field anisotropic-magnetization
data at 1.5 K (pulsed-field data of Refs. 1 and 2)
and 20. 4 K (present dc data) are all consistent with
one another, indicating an x between — 0.6 and
—1and a W given by Eq. (4) above, and that this
result is consistent with the x and W found in the
neutron-scattering experiments.

In conclusion, the present dc magnetization data
at 20.4 K eliminate the apparent discrepancy with
the crystal-field-only picture, and thus lend further
support to the conclusion that TmSb acts as a
model crystal-field-only paramagnet.
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Graphs are presented illustrating the backflow generated by vortices moving in a supercon-

ductor as driven by a transport current,

In a previous paper! we have studied the dynamic
structure of vortices in superconductors carrying
a transport current. It was found that backflow
will generally accompany a moving vortex unless
a new dynamic screening length ¢ for the electric
field is equal to the static screening length A of the
magnetic field. An explicit expression was given

for the change in the local field Gﬁb generated by
the backflow current?,, when the static applied field
is near the upper critical field H.,. The purpose
of this addendum is to present graphs of this func-
tion so that the reader can more easily visualize
the phenomenon. The set of graphs we present
below is contours of equal magnitudes of 5B, (x, y)



