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Inelastic-neutron-scattering studies have been carried out on the paramagnetic metallic
compound TmSbh. The Tm®* ground-state multiplet 3H, is split by the octahedral crystal field
into six levels Ty, Ty, I'¥, T,, T‘D, I';. Transitions between these levels have been observed
and the parameters A,{»% = (6. 86+ 0. 10) meV, Ag{r®)=(0.44+0.04) meV have been deduced.
The fourth~order term is consistent with that expected on the basis of a simple nearest-neighbor
point-charge model, whereas the sixth-order term is an order of magnitude too large; this is
in marked contrast with previous results in PrSb and other praseodymium pnictides and chalco-
genides where the effective-point-charge model is quantitatively correct for both terms. It
is found that the actual spectra can be reproduced in detail using ordinary crystal-field theory
together with a simple approximation to the instrumental-resolution function. Furthermore,
no appreciable exchange broadening of the transitions is observed at low temperatures, thus

confirming TmSb as a model crystal-field-only metallic paramagnet.

I. INTRODUCTION

The rare-earth monopnictides and monochalco-
genides provide a set of compounds which exhibit
a plethora of interesting and occasionally bizarre
physical properties. ' These vary from ferro-
magnetic semiconduction in EuQ, 2 to a pressure-
induced insulator-metal transition in SmS, * to
magnetic ordering in the singlet ground-state sys-
tem TbSb due to a polarization instability, ° to
spontaneous nuclear ordering at 10 m°K in PrBi. ¢
The magnetic properties of many of the compounds
are particularly interesting because of the fact
that crystal-field and exchange energies are often
of the same order of magnitude. In order to under-
stand the magnetic properties it is first necessary
to have some detailed knowledge of the nature and
magnitude of the crystal field. In turn, it seems
likely that a systematic study of Stark splittings
in these compounds could lead to a proper under-
standing of the microscopic origins of crystal
fields in metals. The rare-earth monopnictides
and monochalcogenides are particularly well suited
for such a study since they have the combined ad-
vantages of the simple rock-salt structure together
with wide variations in lattice constants, 4f radius,
and carrier concentration.

Recently, we have shown’® that in rare-earth
metallic compounds in which the exchange field is
somewhat weaker than the crystal field, inelastic-
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neutron-scattering techniques can provide detailed
knowledge of the single-ion crystal-field-level en-
ergies and wave functions. A systematic study of
the compounds PrBi, PrSb, PrAs, PrP, PrTe,
PrSe, and PrS was carried out, and it was found
that in general the observed neutron spectra could
be reproduced in detail theoretically using ordinary
crystal-field theory. Furthermore, the actual
crystal-field parameters so obtained could be
quantitatively accounted for using a simple nearest-
neighbor point-charge model with a ligand charge
of — 2. This latter result was most unexpected
and indeed it remains unexplained.

It is clearly of interest to extend these measure-
ments to other systems. In this paper we report
a detailed study of crystal-field effects in TmSb
using inelastic-neutron-scattering techniques.
TmsSb was chosen for study for several reasons.
First, the configuration of Tm® is 4%, so that it
is complementary to that of Pr®, 4f2. However,
the 4f radius in Tm® is considerably smaller than
that in Pr®, 1% so that this should provide a strin-
gent test of the effective-point-charge model.
Second, extensive single-crystal high-field mag-
netization measurements on TmSb and Tmg, 53Yy, 47
Sb have been reported by Cooper and Vogt.!! They
find that the magnetization can be accurately pre-
dicted using simple crystal-field theory with no
exchange whatsoever. They then suggest that
TmSb can be regarded as a model rare-earth inter-
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metallic compound exhibiting crystal-field effects
alone. Therefore, it is of some interest to per-
form direct spectroscopic measurements on TmSb
to test this conjecture. Finally, TmSb supplies
a somewhat greater challenge experimentally than
the praseodymium compounds that have already

been studied. First, the Tm® energy-level diagram

is somewhat more complex than that for Pr®* with
nine, as opposed to four, allowed transitions.
Second, some of the transition probabilities depend
on the crystal-field parameters themselves, since
one representation (I's) occurs twice. Third, the
crystal-field energies are such that transitions
can be seen in both neutron energy loss and energy
gain; this gives a stricter test of the theory of the
instrument employed in the numerical convolutions.
The format of the paper is as follows. Section
IT gives a brief outline of the crystal-field and
neutron-scattering theory for the Tm* ion. In
Sec. IIl we describe the experimental methods and
the experimental results. In Sec. IV, a detailed
analysis of the spectra using the crystal-field
model is given. Finally, in Sec. V the results are
discussed in the context of both the point-charge
model and the Pr* compound parameters and
general conclusions are drawn.

II. THEORY

The Tm* ion has the configuration 4f'2 with the
SHy multiplet lying lowest. The next-highest mul-
tiplet *H, lies at ~ 5500 cm™, * and may be ignored
in the discussion of the much smaller splitting of
the ground-state multiplet. For a cubic system
the crystal-field Hamiltonian may be written!®

Hor = Ay () x(0§(J) + 504())

+Ag(7%) xs(03W) - 2104)) , (1)

where the O; are Stevens operator equivalents and
the x, are reduced matrix elements. * A,(7*) and
Ae(re) are the numerical coefficients in the tes-
seral harmonic expansion of the electrostatic po-
tential at the Tm3* site. For the rock-salt struc-
ture the nearest-neighbor point-charge contribution
to the potential is given by

A(r*) =T (Ze?/R¥ () |
Ag(r®)=4(ze®/R) (7*) |

where Ze is the effective charge at the ligand site.

Following Lea, Leask, and Wolf'® (hereafter
denoted LLW), it is convenient to introduce new
parameters W, x defined by

Ay F@)=wx ,

(2

(3)
Ag(7) XgF(B)=W( - |x|) ,

where - 1<x<1 and F(4), F(6) are numerical

factors tabulated by LLW. Equation (1) then be-
comes

Hop=W ("F—(IE (03+50%)
+(1-‘x|)F%—6)(03—2103)>, @)

so that W functions as a simple scale factor and
x measures the relative size of the fourth- and
sixth-order terms. As x is varied between —1
and +1, A (7*) X,/A¢(7®) Xg gOeS from — = to +x.
LLW have diagonalized Eq. (4) for all values of
x and for all J. The results for the J=6 appro-
priate to Tm® are shown in Fig. 1(a). From the
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FIG. 1. (a) Eigenvalues of Eq. (4) in units of W as a
function of the LLW parameter x. (b) Transition prob-
abilities for J=6 in a cubic crystal field as a function
of the LLW parameter x.
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FIG. 2. Time-~of-flight neutron spectra
for TmSb as a function of temperature.
Smooth curves and associated background
levels represent the results of theoreti-
cal fits to the data as described in the
text.

figure it may be seen that the J= 6 multiplet is point-charge estimates of

split into two singlets I';, T, a doublet I';, and

three triplets Iy, T'{", T'{¥, Only the I'{! eigen- W=-0.0203Z meV , x=-0.955 (5)

functions depend explicitly on x.

Substitution in (2) and (3) for ("), X,, R yields for Tm* in TmSb, so that both x and W are nega-
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tive. From their single-crystal measurements
Cooper and Vogt!! conclude that x lies in the range
-1.0<x<-0.6 and that W is ~ - 0. 08 meV,; this
is consistent with the values predicted by (5). Ex-
amination of Fig. 1(a) shows that these approxi-
mate values for x, W necessitate that the energy
levels be in the order Ty, T, I'{®¥ T,, I, Iy
with typical spacings of 3 meV.

The neutron-scattering cross section at small
momentum transfers in the single-ion approxima-
tion may be written'®

o%g _z,,(1.91ez )agf_ -
80,00, © 2mc® 87 ) %, FQ

x 2 p,.l(nlilm>|%<£"—éi’"— -w> ;

(6)

where 31 is the component of the total angular mo-
mentum perpendicular to the scattering vector 6
The other symbols have their usual meaning. We
have discussed Eq. (6) at'length in Ref. 9. Here
it is sufficient to point out that Eq. (6) implies
that at small momentum transfers the scattering
should obey magnetic dipole selectign rules.
Birgeneau!” has tabulated the [{T*|J,IT¥)|2for all
values of x and for all J. The results for J=6 are

shown in Fig. 1(b). There are nine allowed tran-
sitions in all with the relative intensities shown
in the figure; for the range of x values expected
from Cooper and Vogt's results, at least six of
these nine allowed transitions should be intense
enough to be observable, provided, of course, that
the levels from which the transitions originate
have an appreciable thermal population. For the
energy-level diagram proposed above, two of the
three most intense transitions, I'yj«~- I', and
r{#¥—r,, should in fact be observable at rela-
tively low temperatures.

III. EXPERIMENTAL METHODS AND RESULTS

The experiments were carried out on the “slow
chopper” neutron time-of-flight spectrometer at
the Brookhaven high flux beam reactor. The
characteristics of this instrument and the details
of the experimental method have been discussed
at length in Ref. 9. The incident neutrons had a
wavelength of 4.1 A corresponding to an energy
of 4.9 meV. The sample!® which was in the form
of a powder was placed in an aluminum container
2 mm thick by 1 cm by 3 em. The small thickness
was necessary because of the large absorption
cross section of thulium (71X10°# ¢m? at 1.08 &).
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The sample was mounted in a Cryogenics Asso-
ciates temperature-controlled Dewar which could
be varied continuously between 4. 2 °K and room
temperature. Typical counting times were 24 h

at each temperature. Data were collected in sets
of 8, 5, and 3 counters spaced about 1° apart with
their centroids at 27°, 42°, and 99°, respectively,
from the forward direction. For typical energy
transfers these give momentum transfers varying
from |Q|/4r~0.12 to 0. 25 A so that the dipole
approximation, Eq. (6), for the neutron-scattering
cross section should be quite satisfactory. In ad-
dition, the 6 dependence of the peak intensities

is automatically determined. This latter feature
is important because it enables one to distinguish
between lattice vibrations and magnetic excitations,
the former varying as |Q|2 and the latter as F2(Q).

Typical experimental spectra obtained at 4.9,

12, 35, 80, and 294°K are shown in Figs. 2 and 3.
From the figures it may be seen that the spectra
exhibit a rich amount of detail which changes
markedly with temperature. In order to explain
the basic features of the scattering, it is first
necessary to describe more explicitly the charac-
teristics of the time-of-flight spectrometer in the
context of Fig. 2. The peak centered about channel
176 corresponds to neutrons elastically scattered
from the sample. Neutrons arriving in channels
preceding No. 176 have a velocity and hence en-
ergy greater than that of the elastically scattered
neutrons, so that they have gained energy from the
system. This corresponds to an enewgy-gain pro-
cess in which the Tm® ion is deexcited from a
higher to a lower level. On the other hand, neutrons
to the right of channel 176 have a velocity and
hence energy less than that of the incident neutrons,
so that they have lost energy to the system; this

is called an energy-loss process.

This would present no conceptual problem ex-
cept for the fact that there are only 204 8- usec
time channels available in all (the number of
channels being determined by the time interval
between successive bursts of incident neutrons).
The spectra from successive neutron bursts are
then superimposed on each other with a time sep-
aration of 204 channels or 8x204=1632 usec be-
tween elastic peaks. Thus, for example, a neutron
with a velocity such that it would arrive at the de-
tector at a time corresponding to channel 250 instead
appears in 250 — 204 =46 in the spectrum. Accord-
ingly, in Figs. 2 and 3 we have given energy scales
which correspond to both energy gain and energy
loss. As we shall see, the two processes are
easily distinguished from each other.

IV. ANALYSIS

As noted in Sec. II, both Cooper and Vogt’s re-
sults and the point-charge model indicate that the
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energy levels are in the order T'y, Iy, l",‘,”, T,,
'Y Iy. The consequent energy-level diagram
together with the corresponding allowed transitions
are given in Fig. 4. The magnetization measure-
ments of Cooper and Vogt and also Schottky anomaly
measurements by Bucher et al.'® give the 'y~ T,
separation as 2.3+0.1 meV. From Fig. 4 it may
be seen that at 4.9 °K we would only expect to see
one transition, I'y—~ Ty, in energy loss. The
actual spectrum we observe at 4.9 °K is in ex-
cellent agreement with this prediction, that is,

we see a single peak centered at — 2.22+ 0.02 meV.
By 12 °K the I level is sufficiently well populated
that the I’y— T’y transition can be seen in energy
gain as well. The interpretation of the 35°K
spectrum is also straightforward. There are two
significant changes in the spectrum between 12 and
35 °K. First, the peaks formerly at + 2. 22 meV have
shifted to about + 2. 46 meV and have broadened
considerably. Second, an additional peak has ap-
peared at 4.8 meV. The change in the scattering
at 2. 22 meV is most likely due to the appearance

of additional unresolved scattering originating from
the I'{? level, thatis, the I'{?’ — I, transition.
The peak at 4. 8 meV may then be identified as the
I,~ I'{¥ transition. Consideration of the relative
intensities predicted from Fig. 1(b) shows that these

identifications are at least reasonable. These three
TmSb, T = 80°K
ENERGY
I Ty 17.3 meV
Tg(1) 16.1
T, 9.94
(2)
y Ty 4.80
T, 2.16
T, (o}

FIG. 4. Energy-level diagram for TmSb at 80 °K,
The energies are those deduced from the fit to the spec-
trum shown in Fig. 2. Arrows indicate the allowed
transitions; those with double bars are seen clearly
at 80 °K.
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identifications are, in fact, sufficient to determine
the parameters A,{(7*), A4(7%) in Eq. (1) or,
equivalently, W and x in Eq. (4).

As discussed extensively in Ref. 9, once A ,(r*
and A4(®) have been determined, then the
complete time-of-flight spectrum at all tempera-
tures can be calculated using the eigenvalues and
eigenfunctions determined from the diagonalization
of Eq. (1). This supplies a rigorous test of the
parameters A,(r*), A4(7®) and indeed of the crys-
tal-field model itself. Accordingly, we have
generalized the least-squares fitting program de-
scribed in Ref. 9 so that it can be used for all J.
Theoretical fits to the spectra are shown as the
solid lines in Figs. 2 and 3. The adjustable pa-
rameters in the fits include A,(7*), A4(7®), one
common width AT, one over-all scaling factor,
and one parameter for the background (which is
assumed flat). All of the instrumental param-
eters have been determined separately.

We consider first the fits up to 80 °K shown in
Fig. 2. Initial values for A,(7*), A4(7®) were
chosen to give approximate agreement with the
peak identifications discussed above. From the
figure it may be seen that the fits are quite good
at all temperatures. The parameters determined
at 80 °K are

Ay(7*)=6.81+0.10 meV ,

)
Ag(7%)=0.44£0.04 meV ,

or equivalently
W=-0.0856+0.002 meV ,
x=-0.785+0.02 .

(8)

The error bars correspond to two-standard-de-
viation statistical errors. It should be emphasized
that no reasonable fit could be obtained for values
outside of these limits. The corresponding crys-
tal-field-level energies are those given in Fig. 4.
The intrinsic widths AT(T) are found to vary con-
tinuously from 0.08+ 0. 06 meV at 4.9 °K to 0. 36
meV at 80°K. It is assumed that these temperature-
dependent widths originate in phonon and conduction-
electron relaxation processes. However, we shall
not consider this aspect of the problem explicitly
here. The variation in the instrumental widths of
the transitions evident in Fig. 2 originates in the
non-linear relationship between an uncertainty in
energy and the corresponding uncertainty in time
of flight. The fit at 80°K is particularly impressive;
the theory is able to reproduce both the positions
and the relative intensities of all the peaks. Similar
agreement at 80°K was also found in PrSb, °® but in
that case the energy-level diagram was less complex
and, in addition, the transition probabilities did

not depend explicitly on the crystal-field parameters.

723

The small width observed at 4.9°K, together with
the fact that the energy-gain and energy-loss peak
energies at 12°K match exactly in all counters,
indicates that the dispersion in the crystal-field
excitons is negligible.

From Fig. 3 we see that at room temperature
the crystal-field model is no longer able to account
for all of the scattering. In particular, there is
intense scattering centered about 25 meV which is
not predicted for the magnetic system, although
all of the peaks at lower energies seem to be
properly accounted for. This residual peak un-
doubtedly arises from phonon processes. Indeed,
in our work to date we have been somewhat sur-
prised that the lattice vibrations have not presented
more of a problem. This phonon scattering is not
observed at 80 °K simply because of the boson
population factor which changes from 0. 6 at 294 °K
to 0.03 at 80 °K.

V. DISCUSSION AND CONCLUSIONS

From the analysis given in Sec. IV we see that
the simple model of localized 4f electrons in an
octahedral crystal field gives a good representa-
tion of the observed spectra for Tm* in TmSb.
The relative intensities, line spacing, and temper-
ature dependence of the spectra are well accounted
for, and it is clear that the crystal-field eigen-
values and eigenfunctions for the energy levels
are good approximations for this compound. The
crystal-field parameters obtained at 80 °K are
given in Eq. (7). These may be compared with the
point-charge estimates of

Ag(r*)=1.98Z meV ,
Ag(7®)=0.022Z meV

(9)

calculated from Eq. (2) using R=3.042 A, (7*)
=0.082 A%(7%)=0.078 A%. The (#") were obtained
by linear interpolation between the values given
by Freeman and Watson'® for Er* and Yb%*. For
the fourth-order term, therefore, we require
Z"=3.4. This lies somewhat outside the range
of values 2<Z <3 which one might have expected
using simple valency ideas, but it is not unreason-
able. For the sixth-order term, however, one
would require Z®’ =20 which is clearly much too
large. Inclusion of more-distant-neighbor effects
does not alter these conclusions.? For the cor-

responding praseodymium compound PrSb, Tur-
berfield et al.® find

Ag(r*)=8.310.3(8.4) meV ,
Ag(7%)=0.17+0.07(0. 14) meV ,

where the values in parentheses give the nearest-
neighbor point-charge estimates using Z=2. As
noted previously, the choice Z =2 also gives

(10)
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quantitatively correct values for the other pr*
monopnictides and monochalcogenides.

We see, therefore, that the simple point-charge
model which was surprisingly successful for the
Pr3* compounds is at best qualitatively correct for
TmSb. It gives the proper order of magnitude for
the dominant fourth-order term. However, it
underestimates the sixth-order term by about a
factor of 10. This large enhancement of the sixth-
order term observed experimentally is, in fact,
quite reminiscent of the situation commonly en-
countered in insulators. 22! Recent theory has
ascribed this extra contribution to Ag(7®) in in-
sulators to overlap and covalency. ?# It is, how-
ever, somewhat puzzling that this enhancement ef-
fect seems to be significantly more important for
Tm* compared with Pr*, whereas the 4f electrons
in the former ion are much more compact than
those in the latter ion.!° Finally, the fact that
A4('r‘) exceeds the point-charge value indicates
once more that the conduction electrons are not
as effective in shielding the fourth-order crystal
field as one might have thought at first.

It is of interest to reconsider Cooper and Vogt's
measurements in light of our spectroscopic re-
sults. First, we do indeed confirm their conjecture
that TmSb may be considered an ideal rare-earth
intermetallic compound exhibiting crystal-field
effects alone with negligible exchange. Further-
more, the explicit LLW crystal-field parameters
we find fall within the range of values which they
deduced. On the other hand, it is clear that only
direct spectroscopic measurements can yield
parameters of sufficient accuracy to be of any use
in evaluating models for the microscopic origins

of crystal fields in metals. It would be quite use-
ful at this stage to repeat Cooper and Vogt's cal-
culations of the single-crystal high-field magnetiza-
tion using our more accurate crystal-field param-
eters. It seems likely from their paper that dis-
crepancies of the order of 5-10% will still persist.
These discrepancies could, of course, be experi-
mental, nevertheless it seems possible that they
may indicate the limiting accuracy of the model of
localized 4f electrons in a static crystal field.
Indeed, such discrepancies have already been found
in insulators due to covalency®# and virtual-
phonon effects. %

Finally, these results illustrate the usefulness
of inelastic neutron scattering for the study of
Stark splittings in metals even in situations where
the rare-earth ion has an angular momentum as
large as J=6. A systematic study of crystal fields
across an entire series of rare-earth metallic
compounds would be most useful at this stage. We
hope, also, that this work will serve to stimulate
both fundamental theoretical research on the prob-
lem of crystal fields in metals and additional ex-
perimental work at other laboratories with neutron-
scattering facilities.
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Nuclear Relaxation via a Two-Phonon Process in a Paramagnetic System
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The magnetic relaxatiop of the Co® nycleys within the Co®* ion in paramagnetic Co(NH2(S0,),
*6H,Q has been stydied experimentally under the condition of nearly complete electron-spin
alignment achieved at low temperatures (1 °K) and high magnetic fields (60 kG). An exponen-
tial variation of the nuclear relaxation time with temperature is found and ascrihed to a two-
phonon (Orbach) relaxation process operating through the intermediary of the upper levels of
the electron-spin Kramers doublet. Calculations, in the spin~Hamiltonian framework, of the
dependence of the relaxation time upon both temperature and magnetic field are presented
which show this model to be in good agreement with experimental results. The relaxation
time is of the form T 1! =AH"e"#4BH#/*T, A theoretical relationship between the Orbach NMR
relaxation time and the direct process ESR relaxation time is derived and compared with the

available data.

I. INTRODUCTION

The nuclear magnetic resonance of Co* in co-
balt ammonium sulfate, Co(NH,)3(SO,);*6HO, has
been discussed in some detail by Choh and Seidel.'
They showed that it is possible to observe the
NMR of the Co® nucleus within the magnetic Co®
ion by performing the resonance measurements
at low temperatures and high magnetic fields such
that the electronic moments are almost completely
aligned by the Zeeman interaction with the external
field. The purpose of that study was primarily to
investigate the magnetic interaction between the
nuclear moment and the electronic orbital moment
induced by the external field.

In the course of pursuing the earlier measure-
ments it was noted that the saturation characteris-
tics of the NMR absorption lines were extremely
sensitive to temperature., It is the purpose of this
paper to describe the experimental results of a
study of the relaxation behavior of the Co®® nucleus

within the Co® ion and to present a theoretical ex-
planation for the observed behavior.

II.  SPIN HAMILTONIAN

The magnetic properties of the Co® ion in cobalt
ammonium sulfate have been extensively studied by
electron-spin resonance? as well as by NMR. The
electronic ground-state Kramers doublet including
interaction with the Co® nucleus (I=%) can be de-
scribed by the spin Hamiltonian as
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where the terms, written in order of descending
magnitude, are the electronic Zeeman, hyperfine,
nuclear Zeeman, induced-moment-nuclear, and
quadrupole interactions. For tetragonal symmetry
with the magnetic field at an angle 6 with respect
to the tetragonal axis, the Hamiltonian becomes



