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We have extended the previous study of electron paramagnetic resonance (EPR) of dilute Gd +

impurities in Van Vleck paramagnets to sturdy related antiferromagnetic compounds. The host sys-
tems studied are the terbium monopnictides and the cerium monopnictides. We have studied both
pure host systems and systems with the host rare-earth metal diluted with yttrium. Since the Gd +

EPR linewidths are often substantial compared to the resonance field, we have included the antires-
onance (negative-frequency) effect in the analysis. The Gd'+ resonance g factor serves to probe the
host susceptibility. Of particular interest in this regard is the g-factor behavior for TbP as the host
system. This agrees quite closely with the superconducting quantum interference device magnetom-
eter susceptibility behavior (i.e., in extremely small magnetic field) found by Kotzler et al. , showing
that the EPR g factor obtained indeed measures the linear response of the host system. This effect
should be useful for studying systems such as CeSb where the apparent susceptibility, as convention-
ally measured, is likely to include substantial nonlinear contributions. The linewidth behavior is
complex. Fluctuation effects among host crystal-field levels sometimes dominate, and this allows
the host crystal-field splitting to be determined.

INTRODUCTION

Previously we have reported on the use of electron
paramagnetic resonance (EPR) of dilute Gd + impurities
as a probe of exchange and crystal-field effects in the Van
Vleck paramagnets TmX and PrX (where X is one of the
group-VA elements P, As, Sb, and Bi), i.e., the thulium
and praseodymium monopnictides of NaC1 structure. The
information obtained resulted from the fact that the reso-
nance g values and linewidths of the Gd + impurities
serve to probe the behavior of the isothermal and repopu-
lation susceptibilities of the host materials, respectively.
(The isothermal susceptibility is the susceptibility mea-
sured under circumstances where the spin system remains
in thermal equilibrium with the lattice during the rnea-
surement period. The repopulation susceptibility is the
difference between the isothermal and the isolated suscep-
tibilities. The isolated susceptibility is that measured
when the thermal populations of the levels do not change,
i.e., the effect measured is due to the change in wave func-
tions, and hence moments, with field, the polarization ef-
fect. )

In the present work we have extended this study to re-
lated antiferromagnetic compounds, the cerium mono-
pnictides and the terbium monopnictides. The Gd + EPR
has been followed as a function of temperature on travers-
ing the Weel temperature (Ttt ). In addition, we have stud-

ied the behavior of the Gd + EPR in these materials on
diluting the magnetic rare-earth constituent of the host
with yttrium. Since terbium has a singlet crystal-field
ground state, when the terbium is diluted sufficiently, the
material no longer orders magnetically at any tempera-
ture, i.e., it becomes a Van Vleck paramagnet. All the
materials studied have NaC1 structure.

The most interesting result of the present study is the
Gd + EPR g-factor behavior on traversing T&. Qne
would expect the g-factor behavior to reflect the host sus-
ceptibility behavior because of the exchange interaction
between the Gd + ion and the host rare-earth ions. If the
Gd + is weakly exchange coupled to the host rare-earth
ions and if that Gd + to Ce + or Tb + exchange is suffi-
ciently long range, then a reasonable expectation would be
a "g shift" of the Gd + EPR with a temperature depen-
dcncc reflecting that of the host isothermal susceptibility.
Apparently this situation of weak, rather long-range,
Gd +-host rare-earth exchange is that prevailing for Gd +
in the cerium and terbium monopnictides, since the exper-
imental g shift reflects the isothermal susceptibility. Also,
the experimental results indicate that the moment Auctua-
tions of the host ion among crystal-field levels sometimes
determine the linewidth of the Gd + EPR. However, the
linewidth behavior as discussed below is complex.

The experimental g factor and linewidth behavior is
presented in Sec. II and discussed in Sec. III. The fact
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that the linewidths for the materials studied are typically
substantial compared to the resonance field has led us to
include both positive- and negative-frequency effects in
the analysis used in Sec. II (details in the Appendix).
Some concluding remarks are given in Sec. IV.

TbP-5 at. /o GdP

(a)

In an EPR experiment one conventionally observes the
first derivative of power absorbed for varying dc field at
fixed microwave frequency. In a metallic sample, this
power absorption is proportional to a mixture of g (H)
and X"(H), the dispersive and absorptive parts of the
dynamic susceptibility. Special care must be taken to ex-
tract the resonant field and linewidth frolli the raw data
when these two quantities are comparable and the mi-
crowave magnetic field is linearly polarized. This is be-
cause not only the positive, but also the negative, frequen-
cy component of the dynamic susceptibility, i.e., both the
resonance and antiresonance terms in the line-shape func-
tion, must be taken into account in considering the mi-
crowave power absorbed. To do this we have adopted a
graphical procedure. This deals with the problem that the
recorded signal is dr'/dH; and since dI'/dH does not van-
ish as H vanishes, the resonance field is not the field at
which dP jdII has the same value as at H =Q.

We have defined five parameters corresponding to easi-
ly identified fields or amplitudes for a given set of experi-
mental data; using conventional analysis, we have gen-
erated curves giving a unique set of these five parameters
for each resonance field ~o and linewidth DII. Thus for
any set of data we have extracted Ho and DH by compar-
ing the experimental values for our five parameters to the
reference curves. Some details of this procedure are given
in the Appendix.

Once Ho and DH have been obtained Ias well as a coef-
ficient giving the mixing between X'(H) and X"(H) in the
power absorption], one can check the overall quality of fit
with the experimental dI'/dH behavior. In general, we
have found the fit is quite good. We have found that the
experimentally observed peak-to-peak linewidth AII~& is
close to the true linewidth DH, differing by a constant
factor —1.4 for varying temperatures in a given case.
Therefore, in presenting the experimental linewidth
behavior we show the peak-to-peak linewidths.

The powder samples used in this work were prepared
according to a method similar to the one described in Ref.
1. The EPR spectra were obtained with a conventional
EPR spectrometer operated at 9.2 GHz.

In this section we present the experimental results for
the Gd + EPR behavior with terbium monopnictides and
cerium monopnictides as hosts. The main discussion of
this experimental behavior follows in Sec. II.

A. Tel biQIll Inonopnictidcs

The g values for the Gd + EPR in the Tb~Y& ~P hosts
are shown in Fig. 1. For undiluted TbP, the g value peaks
at 8 K. This is the value of T& from susceptibility mea-
surements. For Tbo 5Yo 5P and Tbo

& Yo 9P as host, the g
value behavior is as expected for a Van Vleck paramag-
net.
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FIR. l. Temperature dependence of Gd + EPR g values in
TbP, Tbo 5Yo 5P, and Tbo

& Yo 9P. Experimental behavior of the
susceptibility g found by Kotzler et al. (Ref. 14) for TbP is
shown by the dashed curve in the upper panel.

The EPR linewidth for Gd ~ &n Tb~Y~ ~P rs shown &n

Fig. 2. For /=1. 0 and 0.5 the linewidth increases as a
function of temperature. For /=0. 1, on the other hand,
the linewidth decreases as a function of temperature.

As shown in Fig. 3, the g value for Gd + in Tb~ Y& ~As
fol /=0. 8, 0.5, and 0.3 decreases with increasing T. This
is consistent with our expectation that for /=0. 5 and 0.3
these are Van Vleck paramagnets, and for (=0.8, the
Neel temperature (T~ =9 K) is quite low. The Gd +
linewidth in pure TbAs is too broad for the g value to be
determined. (For TbAs, T~ ——10.5 K.)

The temperature variation of the linewidth for the
Gd'+ EPR in TbSb and in The) gAs with g= 1, 0.8, 0.5,
0.3, and 0.1 is shown in Fig. 4. For pure TbAs and TbSb
the linewidth decreases with increasing T. For
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FIG. 2. Temperature dependence of peak-to-peak linewidths
of C d + EPR rn TbP, Tbo 5Yo 5P, and Tbo & Yo 9P. Dashed curve
drawn through the data points for TbP is the theoretical curve
using Eq. (4). In the lower part of the figure, solid circles show
the data for Tbo 5Yo 5P, and open circles show the data for
Tbo. 1 Yo.9P-
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FIG. 3. Temperature dependence of Gd + EPR g values in
Tbp 8Yp 2As, Tbp ~Yp 5As, and Tbp 3Yp 7As.

Tb~Y~ ~As, the most interesting feature of the linewidth
behavior is the increase with temperature for (=0.8, com-
pared to the decrease with temperature for pure TbAs and
a slight decrease with T for lower values of g.

B. Cerium monopnictides

The Gd + EPR g values for CeP (T~ ——10 K, CeAs
(T~ ——8 K), and CeSb (T~ ——16 K) are shown in Fig. 5 for
a range of temperature including T&. The linewidth
behavior for Gd + in CeP, CeAs, and CeSb is shown in
Fig. 6. Unlike the Van Vleck paramagnetic materials
studied earlier, the linewidth behavior cannot be
described by simple theory based on fluctuation effects
among the host crystal-field levels.

We have also studied the EPR of Cxd + in CeX diluted
by nonmagnetic yttrium. As shown in Fig. 7, the
linewidth decreases somewhat with temperature, flatten-
ing out at temperatures of about 40 K. The Neel tempera-
tures of these materials are quite low, so that the question
arises as to whether there is another mechanism (such as
dipole-dipole interaction) other than critical fluctuations
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FIG. 5. Temperature dependence of g value for Gd + EPR in
CeP, CeAs, and CeSb compared to susceptibility behavior of
Ref. 21. See text (Sec. III) for discussion of CeSb susceptibility.
Susceptibility behavior is shown in arbitrary units.

III. DISCUSSION

We will first discuss the experimental results for the
terbium monopnictides as hosts, and then those for the
cerium monopnictides.

CeP-5at. / GdP

or fluctuations among crystal-field levels, dominating the
behavior at lower temperatures when the crystal-field
doublet ground state is predominately occupied. Particu-
larly noteworthy is the change in behavior from CeP to
Cep 3Yp 7P.
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FIG. 4. Temperature dependence of peak-to-peak linewidth
of Gd + EPR in TbSb, TbAs, Tbp gYp 2As, Tbp 5Yp gAs,
Tbp 3Yp 7As, and Tbp 4Yp 9As. Solid curve is obtained using Eq.
(4).
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FIG. 6. Temperature dependence of peak-to-peak linewidth
for Gd + EPR in CeP, CeAs, and CeSb. For CeP, the fit to
data using Eq. (4) with 6=150 and 200 K is indicated (solid
curves).
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FIG. 7. Temperature dependence of peak-to-peak linewidth

for Gd EPR in Cep 3Yp 7AS, Cep 3Yp 7P, and Cep 1 Fp 9AS,

A. Terbium monopnictides

The g shift for the Gd + EPR caused by exchange in-
teraction with a paramagnetic ion is given by

~g= — —,X,X—1 J(0)
pg

where A, is the Lande g factor of the host,

J(0)=gS,,

is the exchange between the impurity Gd + ion and all
host ions, and 7 is the experimental susceptibility in
which the host-host exchange enhancement of the suscep-
tibility is included.

Tb&Y& &P is a singlet ground-state antiferromagnetic
system quite similar to Tb~Y& ~Sb, the susceptibility
behavior of which has been extensively studied by Cooper
and Vogt. For g below some critical value, just as with

Tb~Y] ~Sb, the system will become a Van Vleck paramag-
net. We expect (=0.5 to be close to or below the critical
value.

or Tbo. sYo.5P and Tbo. iYo.9P as hosts, as seen from
Fig. 1, the experimental g-value behavior is as expected
for a Van Vleck paramagnet. Using Eq. (1), from the
Tbo. sYo.sP behav][or we deduc~ a Gd- Tb ex~ha~ge
J(0)=g+ 1 K..

Provided that the EPR linewidths of the host rare-earth
ion are greater than that of the Gd + EPR, then the spin
fluctuations of the host, felt through the host-Gd + ex-
change, are the determining factor in the Gd + linewidth.
When these fluctuations are dominated by the host
crystal-field interaction, the linewidth of the Gd + EPR is
given by'"

$ +

Tb
lg— (2)

(s)

Q+
Ce

l8,(
—(4) (2)r&—

(for Gd + in Tb +X).
As seen in Fig. 2, the EPR linewidth for the Gd + reso-

nance in the Tb~Y& ~P hosts for /=1. 0 and 0.5 increases
with increasing temperature. Thus the behavior for
Tbo &Yo 5P is that expected for a Van Vleck paramagnet
when fluctuations within crystal-field levels determine the
Gd EPR linewidth [i.e., under conditions given by Eqs.
(3) and (4)]. Gn the other hand, for $=-0. 1 the Gd + EPR
linewidth decreases with increasing temperature. Presum-
ably this occurs bemuse the EPR linewidth of Tb + in
Tbp & Yp 9P is narrower than those of g=—1.0 and 0.5, so
that the conditions leading to Eq. (4) do not apply (the
coupling to the Tb + ion no longer is the dominant relaxa-
tton route fol the Gd lons).

Fol Tbp gYo gP, where the conditions yielding Eq. (4)
appear to be satisfied, one can use Eq. (4) to fit the data
and obtain a value for 5 =E (I &) —E (I &), the crystal-field
splitting to the first excited crystal-field level of the level
scheme for Tb + shown in Fig. 8. The crystal-field level
scheme for Tb + depends on x, the parameter' giving the
ratio of fourth- to sixth-order crystal-field anisotropy (be-
cause of the presence of two levels of I & symmetry).
Therefore, as shown in Fig. 9, the theoretical temperature
dependence of the linewidth of the Gd + EPR in
paramagnetic TbX given by Eq. (4) depends on X. By
comparing the curves given in Fig. 9 with the data for
Tbo 5Yo 5P given in Fig. 2, we can obtain 6 as we11 as x
with about 15%%uo accuracy. The 4 and x values obtained
are 18 K and —0.85+0.15. The 6 value is close to the
value obtained from microwave resistivity measurements'
on TbP.

In Ref. 1, Eq. (1) was derived for the paramagnetic re-
gime in the host material. The appropriateness of using
Eq. (1) in the host antiferromagnetic regime depends on

AH =AkT(Xz- —X;„)=Ak TXg, —(2)

l4 —) (&)

Ij — —(~)

where Xz and g;„are ihe isothermal and isolated suscepti-
bilities of the host, as discussed in the Introduction, and
gz =7&—g;„ is' " the repopulation contribution to the
susceptibility. This gives

FIG. 8. Crystal-field energy levels for Ce + and Tb + in octa-
hedral environment. Situation for Tb + is that when fourth-
order crystal-field anisotropy is dominant.
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FICx. 9. Theoretical dependence of Gd + linemidth from Eqs.
(4) and (5) of text.

how strongly the Gd + moment is coupled to the host sys-
tem. Observation of a well-defined Gd + resonance for
Gd + in TbP in the host antiferromagnetic regime implies
that the coupling is rather weak, i.e., Gd + acts as a
(weakly exchange coupled to the lattice) localized magnet-
ic impurity mode. Then it is reasonable to adopt a picture
where the temperature-dependent g shift gives the linear
response (i.e., the susceptibility in the limit of vanishing
applied magnetic field) of the host to the ac field imposed
(via Gd-Tb exchange) on the host by the Gd + under reso-
nance conditions. If the Gd-Tb exchange is relatively long
range, then the Gd + is sampling the spatially averaged
linear response of the host, and the temperature depen-
dence of the g factor provides a measure of the suscepti-
bility as conventionally defined, i.e., it is appropriate to
use Eq. (1). [Note that the importance of the range of the
Gd-Tb exchange in justifying the validity of Eq. (1) is the
same as in the case of a paramagnetic host. ] In Fig. 1, we
also show the "zero-field" susceptibility [measured in the
earth's magnetic field using a superconducting quantum
interference device (SQUID) magnetometer] measured by
Kotzler et a/. ' The excellent agreement of the suscepti-
bility behavior with the g-factor behavior supports our hy-
pothesis for the validity of using Eq. (1) below T~ when a
well-defined Gd + resonance is observed.

As can be seen from Fig. 4, for Tb~Y& ~As the change-
over in dominant relaxation mechanism already noted for
Tb~YI ~P apparently occurs at higher Tb concentration,
between /=0. 8 and 0.5, as indicated by the change in the
temperature dependence of the linewidth from increasing
to decreasing with increasing temperature. More puzzling
is the difference in linewidth behavior for TbP, which in-
creases with temperature up to about 50 K (see»g. 2),
compared to TbAs, which decreases significantly with
temperature up to 150 or 200 K (see Fig. 4). (The
behavior for TbSb, also shown in Fig. 4, has been followed
only above 100 K. There is no strong contrast in the
linewidth behavior of the three terbium pnictides in this

higher-temperature range. ) The Neel temperatures for
TbP and TbAs are quite similar, 8 K compared to 10.5 K;
therefore, effects associated with exchange do not seem to
offer an explanation. Perhaps the difference lies in the
difference of the electronegativity (affecting conductivity)
or mass (affecting phonon behavior and elasticity) of the
anion. If this behavior of pure TbAs does not affect the
interpretation of the Tbo &Yo 2As behavior, using Eq. (4)
and the temperature dependence of AR&z in Tbo &Yo 2As
one deduces b =E (I q) E(I i—) = 14—18 K and
x = —(0.95 —1.00) for TbAs, quite reasonable values.

B. Cerium monopnictides

Currently there is great interest in the magnetic
behavior of the cerium monopnictides. The highly unusu-
al magnetic behavior of CeSb and CeBi can be under-
stood' ' on the basis of a highly anisotropic Ce-Ce in-
teraction mediated via hybridization with the band elec-
trons. Such an interaction gives rise to a situation where
there are a number of states of the magnetic system corre-
sponding to a variety of magnetic structures, which lie
quite close in energy to one another compared to the
overall energy of magnetic ordering. Thus one has transi-
tions over a narrow range of temperature and field be-
tween quite different magnetic structures. Also, one has a
strong possibility of metastable behavior, and this is con-
sistent with the observation' ' of considerable hysteresis
and magnetic remanence in the lower-temperature mag-
netically ordered phases of CeBi and CeSb.

For CeSb and CeBi, the crystal-field splitting is smaller
than or comparable to the anisotropic Ce-Ce exchange.
This can be seen by comparing Keel temperatures and
crystal-field splittings (between the I 7 doublet and the
I s quartet). For CeBi, T~ =25 K and 6= 10—15 K;
while for CeSb, T~ ——16 K and 6=25 K. On the other
hand, for CeP and CeAs, as indicated by comparing 4 and
T~, the crystal-field splitting is much larger than the an-
isotropic exchange (b, =150—200 K, while Tz ——8 to 10
K). Thus we expect the metastability associated with the
anisotropic exchange to be absent in CeP and CeAs.

It is interesting to consider the g-factor behavior in Fig.
5 in relation to this question of metastability and associat-
ed magnetic hysteresis and remanence. For Gd + in CeP
and CeAs the correlation of the temperature dependence
of the g factor with the experimental susceptibility seems
to be present, much as it is for TbP in Fig. 1. On the oth-
er hand, for CeSb the g factor shows little correlation with
the susceptibility as originally measured ' (dashed curve
shown in the lower panel of Fig. 5). However, the way
that these susceptibility measurements were done (stan-
dard technique at that time —cooling in a rather high field
of approximately 10 kOe, where g=—M/R, with H equal
to that field) introduced two features into the X vs T--
behavior that, on the basis of subsequent information, we
can recognize as artifacts. These are (1) the pronounced
maximum and shallow minimum covering the region
from about 20 K to 8 K, and (2) the rise and flattening
from 8 K through the lowest temperatures. The basis for
both these artifacts lies in the many closely lying (in ener-
gy) phases for CeSb for varying H and T in the magneti-
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cally ordered regime and the associated tendency toward
metastability.

We first discuss the origin of feature (1) in the g vs T--
behavior for CeSb of Ref. 21 as reproduced in Fig. 5. The
neutron-diffraction measurements of Rossat-Mignod
et al. ' show a ferromagnetic phase (labeled FP~ in their
Figs. 3 and 4) dipping down to a field of about 5 kOe at
its low point and extending over the temperature range
around T~ ——16 K. The transition into this phase induced
by a magnetic field of more than 4 or S kOe for tempera-
tures close to T~ is also shown in the magnetization mea-
surements of Bartholin et al. ' and is graphically illustrat-
ed in the "three-dimensional" drawing in their Fig. 2.
The measurements of Ref. 21 giving the g reproduced in
Fig. 5 were done in a field of approximately 10 kOe (a
reasonable procedure on the basis of the then existing in-
formation), so that feature (1) really represents the non-
linear response involved in the transition into the FP]
phase. The g-factor values shown in Fig. S correspond to
fields below that triggering the FP] transition since the
resonance field is about 3 kOe, and the measurements
determining ihe fitting were those for fields up to 1 or 2
kOe above that value.

Feature (2) in the X curve for CeSb reproduced from
Ref. 21 in Fig. 5 (the rise and flattening below 8K) can be
understood on the basis of the meiastability and associated
thermoremanence below 8 K in CeSb as reported by
Bartholin et al. ' The effects of this thermoremanence
can be seen by considering Fig. 10 which gives the corre-
sponding behavior for CeBi. This shows ther-
moremanence below 12 K. (As far as we know, a figure
for CeSb corresponding to Fig. 10 for CeBi does not exist.
Fig. 10 was reported in the talk corresponding to Ref. 17,
but has not been previously published. It is shown here
through the courtesy of H. Bartholin and I. S. Jacobs. ) If
the magnetization measurements giving 7 are done by
cooling in substantial field, one gets an artificially high
apparent 7 associated with thermal remanence. Our own

EPR measurements were done by cooling in zero field,
i.e., the field was cycled up and down at each temperature.
However, in any case, our data do not extend to low
enough temperature and the scatter of points is such that
it cannot be ascertained whether the g factor comes in flat
to zero temperature or shows a slight rise.

In summary, we feel that the temperature-dependent g
behavior of CeSb shown in Fig. S probably reAects the in-
trinsic very-low-field (i.e., linear response) susceptibility in
the same way as the g-factor behavior shown in Fig. 1

does for TbP.
Perhaps coincidentally, the linewidth behavior for the

cerium monopnictides gives some indication of the same
qualitative trend already commented on above for the ter-
bium monopnictides. For the phosphide there is a small
increase with temperature, while the arsenide and an-
timonide show slight decreases above T+. If the behavior
in CeP can be associated with fluctuations among the host
crystal-field levels, then we can use the theory of Eq. (3) to
find the crystal-field splitting,

AH =8 [ ( 1 7 ~
j,

~

I 7 & exp[ E(1 q)/kT—]

+(&I s. I
J. Il s. &'+I sb I

J. Il s. &')

X exp[ —E( I s)k T] j /Z

(for Gd + in CeX), where the subscripts a and b denote in-
dividual states of the Zeeman split degenerate states, and
Z is a single-ion crystal-field partition function. (For
Ce + the situation is somewhat complicated, because the
contribution to gz from the excited I z quartet depends on
the direction of the magnetic field. However, our calcula-
tions show that the dependence of AH on direction of H is
not strong; so we show b, for H along a ( 100 & direction in
Fig. 9.) As shown in Fig. 6, this gives a crystal-field split-
ting of 150 to 200 K in agreement with the results of the
neutron scattering measurements of Heer et al.
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FICz. 10. Susceptibility and thermoremanence of CeBi. See
discussion in Sec. III of text. (Figure was reported in talk corre-
sponding to Ref. 17 but has not been previously published. This
figure is published here through the courtesy of H. Bartholin
and I. S. Jacobs. )

The Gd + EPR, through the g-factor behavior, has
proved to be a good probe of the host isothermal suscepti-
bility. The g-factor behavior can be used to determine the
Gd-host (a different rare earth) exchange value both in
paramagnetic and antiferromagnetic systems.

The Gd + EPR linewidth behavior in the antiferromag-
netically ordered cerium and terbium monopnictides is
quite complex. The expressions in Eqs. (4) and (5) give
the linewidth in idealized situations. In addition, for sys-
tems that order magnetically or that have host rare-earth
concentrations near to values necessary for magnetic or-
dering, there may be important effects associated with the
critical fluctuations of the host. Other effects, such as
dipole-dipole interactions may contribute (potentially
more important for Ce + which has a non-Kramers
crystal-field ground state. ) These additional effects,
which depend on host-host coupling, may give complex
behavior of the linewidth with host concentration when
the host is diluted with a nonmagnetic diluent such as yt-
trium. The distinctive characteristic of the crystal-field-
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dominated linewidth seems to be the monotonic increase
with temperature, at low temperature, expected for this
mechanism. When this increase is absent, we assume that
another mechanism is serving as the dominant
"bottleneck" in the relaxation processes. When the
linewidth increases with temperature we assume that the
fluctuation effect among crystal-field levels of the host
dominates the linewidth behavior, and we have been able
to deduce the crystal-field splitting of the host. However,
at times fluctuation effects associated with magnetic or-
dering play an important role, obviating the possibility of
such analysis; there are also effects dependent on the host
concentration in systems diluted with yttrium that are not
fully understood.

—bp
Co(1 —X )+2X

(1+X )

Co [1—(X + 2Co)'l —2(X+2co)+
[1+(X+2CO) ]

(A2)

terms in Eq. (Al), one can see that P(H) is always posi-
tive. ] The derivative of power absorbed for varying H can
easily be obtained from Eq. (Al) to give

dP (1—X ) —2COX 1 —X(X+2CO)
CC 22 +(1+X')' [1+(X+2C,)']'
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Taking account of both positive- and negative-
frequency components, the average power absorbed per
unit volume as a function of dc field is

P(H)~ H /DH H /DH+1+[(H Ho)/DH]2 1—+ [(H +Ho)/DH ]2

(H/DH)[(H Ho)—DHJ-
+bp 1+[(H —Ho)/DH]

(H/DH)[(H +Ho)/DH
1+[(H+Ho)/DHJ~
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H —HpX=——
DH (A3)

Hp

DH
(A4)

The typical line shape corresponding to Eq. (A2) is
shown in Fig. 11. From Eqs. (Al) and (A2) we can see
that the power absorbed is zero when H =0, but dP/dH
is nonzero at H =0. Thus there is the matter of establish-
ing the true zero base line corresponding to zero power ab-
sorption when the recorded signal is actually dP/dH, i.e.,
the resonance field is not the field at which dP/dH has
the same value as at H =0.

Obtaining the resonance field Hp and the linewidth DH
involves analyzing the line-shape data in a typical case,
such as is shown in Fig. 11, in order to relate the data to
the theoretical expression in Eq. (A2). This requires
analyzing the experimental data for each case in such a
way as to obtain values for the parameters bp and Cp of
Eq. (A2), and an additional parameter C„defined in Fig.
11, which locates the resonance field Hp relative to the
minimum in dP/dH.

To do this we have adopted a graphical procedure. We
define five parameters, a, b, d, 3', and B' as shown in Fig.
11, corresponding to easily identified fields or amplitudes
for a given set of experimental data. Then for a number

where Hp and DH are the resonant field and the
linewidth, i.e., half-power half-width introduced by Peter
et ai. , respectively. Here bp is a parameter, giving the
admixture of the absorptive and dispersive parts of the
dynamic susceptibility, which depends upon the metallic
nature of the sample and on the experimental conditions
in a complicated way.

Expression (Al) follows directly from the conventional
linearized treatment of the Bloch equations, including
both the resonance and the antiresonance terms. The
second term in each of the large parentheses gives the
negative-frequency contribution to P(H). [We note that
P(H) is an even function of H, i.e., for H and Ho the ab-
solute values are to be used. Also by gathering together

U
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FIG. 11. Typical line shape with definition of parameters
Used in analysis.
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of sets of specified bo, Co, and C, values, we generate
curves using Eq. (A2), i.e., one curve for each set of bo,
Co, and C„. This then gives us a set of a, b, d, 2', and B'
(actually the ratio A '/B') corresponding to each b p Cp,
and C, .

In this way we generate five reference curves (available
upon request). Then a given set of experimental data pro-
vides values for a/b, d/b, A'/B', and b, and then by use
of these curves we find that bo, Co, and C„values con-
sistent with these experimental parameter values.
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