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Electron-spin resonance (ESR) of Gd in LaNis single crystals exhibits partially resolved ESR
spectra in the helium temperature range appropriate to Gd in hexagonal environment. This is
interpreted by the small Korringa broadening with respect to the hexagonal crystalline-field
parameter D, as well as by the absence of bottleneck in the relaxation mechanism. A line-shape
analysis together with axial spin Hamiltonian yields D =250 +30 G and an isotropic g value:
£ =1.85%0.01. The ESR spectra is shown to be affected significantly by the presence of ran-
dom stresses. The Barnes-Plefka theory together with a random stress model can explain all the
experimental features satisfactorily. It is pointed out that random stresses are a common
feature to many single crystals of dilute alloys. In particular, the ESR spectra of LaSb:Gd pub-
lished previously is reanalyzed in terms of our stress model. Annealing of our LaNis:Gd single
crystals leads to the appearance of a "ferromagnetic resonance" appropriate to hexagonal sym-
metry. The origin of this resonance is probably associated with induced magnetic domains by

slight chemical changes in the strongly exchange enhanced LaNis host.

I. INTRODUCTION

Electron-spin resonance of Gd in hexagonal metal-
lic single crystals like Mg:Gd,;! Y:Gd,? Lu:Gd,? and
Sc:Gd,>* have been reported previously. In all these
systems a single line was observed (rather than seven
lines) with a large axial anisotropy in both the field
for resonance and the linewidth at low temperatures.
The field for resonance strongly depends on frequen-
cy and temperature. These general features were in-
terpreted by an axial spin Hamiltonian as well as by
the existence of bottleneck in the relaxation mechan-
ism.23% The bottleneck effect creates a phase coher-
ence between the spins of the Gd ions and those of
the conduction electrons leading to a fine-structure
narrowing.’"® To the best of our knowledge, no re-
port exists at present about resolved fine structure of
Gd in hexagonal systems.

The present paper reports ESR study of Gd in an-
nealed and as casted (unannealed) sampies of LaNis
single crystals. The intermetallic compound LaNis is
an exchange-enhanced hexagonal paramagnet with
relatively high density of states at the Fermi level.® It
has attracted considerable attention recently due to its
excellent hydrogen absorption and desorption prop-
erties.!®!! Therefore, a study of the electronic, mag-
netic, and metallurgical properties of the LaNis host,
using Gd ESR as a probe, is most desirable. Previ- ’
ous ESR studies of LaNis:Gd powdered samples!?~1*
have shown a large negative Gd g shift which is con-
centration independent for low-Gd concentrations.
This indicates the absence of bottleneck effect in the
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relaxation mechanism.

Our experimental results on unannealed LaNis:Gd
single crystals have shown partially resolved spectra
(three lines) for external magnetic field parallel to
the T axis (H IIT). These lines collapsed into a single
line for magnetic field orientation of 6 =54 ° approxi-
mately with respect to the T axis in the a-C plane.

The angular dependence of these lines is attributed to
crystalline-field effects; the effect of anisotropic sus-
ceptibility on our spectra can be ignored in the first
approximation as have been supported also by in-
dependent magnetization measurements. The ab-
sence of some of the expected fine-structure lines as
well as the anisotropic angular dependence of the
linewidth of some of the transitions in our spectra
could be explained by random internal stress model.
We demonstrate that random strains exist also in
other systems like LaSb:Gd. The thermal broadening
of the %*—-——;— transition in the H IIT orientation is

much larger than that of the collapsed line in qualita-
tive (but not quantitative) agreement with the theory
of Plefka and Barnes.®™® Analysis of the g shift and
the Korringa thermal broadening of LaNis:Gd yields a
very large exchange enhancément factor provided
that the Gd conduction-electron exchange coupling is
not strongly q dependent. This supports the idea that
LaNis, similar to the Pd,'® is an "almost ferromagnet-
ic" metal.

In annealed single crystals of LaNis:Gd, the ESR
results exhibit a "ferromagnetic resonance" appropri-
ate to the hexagonal symmetry. The origin of this
resonance is not clearly understood at present but it
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is most probably due to induced magnetism in the
host by slight chemical changes (migration of Ni and
La, or changes in the strain field) in the "almost fer-
romagnetic" compound.

II. EXPERIMENTAL RESULTS

The LaNis:Gd intermetallic compounds were
prepared by repeating melting in an arc furnace at
argon atmosphere. We have used Gd and La of
99.9% purity and Ni of 99.999% purity from Leico In-
dustries. Rods having cylindrical shape were, then,
prepared from the molten LaNis using a special ar-
rangement in our arc furnace. These rods were used
to grow single crystals by the electron-beam furnace
technique. X-ray examination confirms single cry-
stals of 6 mm diameter and elongation of 30 mm ap-
proximately. The single crystals were cut into smaller
cylinders (to fit our cavity and Dewar), using an elec-
troerosion machine, with the T and an 3 axis perpen-
dicular to the cylinder axis. The singlé-crystal
cylinders were, then, electroetched in a solution con-
taining 20% water, 20% Glycerin, and 60% phosphor-
ic acid by volume, using a current density of approxi-
mately 2 A/cm?. The nominal Gd concentrations
were 0.25 at. %, 0.20 at. %, 0.05 at.%. Some of the
samples were annealed in Argon atmosphere for a
week at a temperature of 1100 °C. X-ray examina-
tions after annealing reveal hexagonal single crystals
appropriate to the LaNis phase.

The ESR measurement were carried out mostly at
X band (v=8.9 GHz) in the temperature range
between 1.8 and 15 K. The samples were rotated
around the cylinder’s axis so that the magnetic field
lies in the a-C plane of the crystal. One sample of
LaNis:Gd (2000 ppm) was measured at Q band dur-
ing a visit of one of us (D.S.) to the Free University
of Berlin. In addition, magnetization measurements
were performed using vibrating-type magnetometer.
Our experimental results are significantly different
for annealed and as cast (unannealed) single crystals
and can be summarized, as follows:

A. Cast samples

(i) Measurements at X band on unannealed sam-
ples of LaNis:Gd reveal several resolved anisotropic
lines. Figure 1 exhibits some experimental spectra.
As clearly seen, there are three resolved resonance
lines which are observed for external field parallel to
the T axis [see also Fig. 1(a)]l. These lines collapsed
into a single line when the crystal was rotated towards
0=>54° [Fig. 1(b)] (here 0 is the angle between the T
axis and the magnetic field direction H in the plane
of rotation, the a-¢ plane). For magnetic field in the
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FIG. 1. ESR spectra of LaNis:Gd (0.2%) at temperature
of T=1.8 K and for several magnetic field orientations.
The solid lines represent the experimental spectra; the
closed circles a theoretical fit using a sum of Lorentzian
lines together with the appropriate oscillator strength and po-
pulation factors. The deviation of theory from experiment
at the low-field side of the experimental spectrais attributed
to the presence of "background signal” as explained in the
text. 0 in Fig. 1 represents the angle between the magnetic
field H and the T axis in the plane of rotation (the 3T
plane). The measurements were carried at v=8.9 GHz.

a direction, the spectrum exhibits two barely resolved
lines [Fig. 1(c)]. The determination of the field for
resonance and the linewidth of the individual reso-
nance lines was carried out by fitting the observed
spectra with a sum of Lorentzian line shapes (see
Fig. 1). The fitting procedure is slightly complicated
by the presence of a broad background signal mainly
at low fields as well as by the presence of a g =2
resonance. The background signal, originates with
our samples, is probably due to possible non-
stoichiometric Ni present in our samples. The pres-
ence of the background signal does not allow detailed
analysis of the low-field lines in our spectra. It
should be mentioned that the fields for resonance, as
determined by fitting the experimental line shape to a
sum of Lorentzian lines , are identical with those ex-
tracted using Barnes-Plefka analysis (but see Sec. 111
for details).

(ii) In Fig. 2, we have plotted the angular depen-
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dence (at T=1.8 K) of the field for resonance of the
individual lines in Fig. 1. The field for resonance
was extracted by the fitting procedure described
above. The angular dependence of the linewidth at
1.8 and 4.2 K of two of our lines (to be denoted

1 1 i 3 1
hereafter as the —5 < 5 transition and —5 ——5

transition, but see below for detailed analysis) is
shown in Fig. 3. As seen, the linewidth of the
—% *—’—;- transition exhibits anisotropic behavior with
a minimum in the linewidth at about 8 =54 °.

(iii) The temperature dependence of the field for
resonance of the ——% '—'% and the -—% *-’—% transi-

tions in the T direction is shown in Fig. 4. As clearly
seen, no significant temperature dependence is ob-
served. We noted, however, that the intensity of the

3

-7 H—% line decreases faster than the intensity of
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FIG. 2. Angular dependence of the field for resonance of
the individual lines as determined by our fitting procedure
(in Fig. 1). The circles and triangles represent results for
two different samples, i.e., x =0.0005 (500 ppm) and
x =0.002 (2000 ppm) in Gd,La;_,Nis. The solid lines are
theoretical fits with Eq. (1) using the following parameters:
D =250 G and g =1.85.

the -—L *—’—l- transition.

(iv) The thermal broadening of the —~ '—*— transi-
tion in the H IIT direction was also measured and was
found to be 9 +3 G/K. This thermal broadening is
larger than the thermal broadening of the collapsed
line (& =54°) which is 3 +1.5 G/K. These thermal
broadenings should be considered with caution as the
“residual width" due to other mechanisms is relatively
large. In the presence of large residual width a
deconvolution technique is needed to estimate the
exact thermal broadening. )

(v) At Q band only a single line with anisotropy in
the field for resonance was observed clearly; its
linewidth is about 600 G. A background signal
around 12600 G has prevented detailed analysis of
the transition.

(vi) Magnetization measurements of our single cry-
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FIG 3 Angular dependence of the linewidth of the

—7 '-— transition (closed circles) at (a) T=4.2 K and (b)

T=138 K. As seen the linewidth exhibits a minimum at
6=54° from the T axis in the a-C plane. For comparison

the width of the —% -3 line for =0 is also given (open

circle).
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FIG. 4. Temperature dependence of. the field for reso-
nance (as determined by our fitting procedure in Fig. 1)
for the —% ~—-;— and —7 °-°% lines. The dashed lines are
the theoretical field for resonance expected for these lines
respectively assuming D =250 G and g =1.85 (see text).
The solid line represents the calculated "first moment" (see
Ref. 1) using the parameters D =250 G and g =1.85.
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FIG. 5. Angular dependence of the magnetization of
"pure" LaNis single crystal at 7=4.1 K and for two different
external fields. The magnetic field was rotated in the a-C
plane. The inset represents the inverse magnetization for
HiTand H117, respectively, in different temperatures. As
clearly seen from the inset the difference of the inverse
magnetization for these two orientations decreases with in-
creasing temperature. This indicates that the observed an-
gular anisotropy, at least partially, is due to the presence of
magnetic impurities (but see text).
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FIG. 6. Field for resonance of the "ferromagnetic line"

observed in one of our annealed LaNis:Gd single crystals.
T=42K.

stals reveal significant anisotropy appropriate to hex-
agonal symmetry. The anisotropy decreased with the
increase of temperature (Fig. 5). This feature sup-
ports the idea that the observed anisotropy is mostly
associated with the presence of magnetic impurities
or excess of Ni ions in our samples. Thus, it is not
easy to extract the host anisotropic susceptibility.

B. Annealed samples

After annealing, an additional strong anisotropic
line appeared. The line intensity and its angular
dependence almost did not change up to room tem-
perature. The linewidth and the position were dif-
ferent in different samples. The angular dependence
of this line in a sample where it shows a relatively
simple behavior is shown in Fig. 6. The field for
resonance in the T direction is about 7500 G and de-
creases to 1400 G when the crystal is rotated towards
the @ direction. Its linewidth in the @ direction is
about 200 G. The observed signal is characteristic of
ferromagnetic resonance in hexagonal environment. !¢
Magnetization measurements of annealed samples
show some hysteresis which was not observed for the
rest of the samples studied.

III. ANALYSIS

In the present section we shall demonstrate that
our experimental features for as cast LaNis:Gd single
crystals can be explained by axial field Hamiltonian
for Gd** in the hexagonal symmetry as well as by a
random strain model. The spin Hamiltonian of Gd**,
in axial symmetry and in the presence of an external
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magnetic field, is given by!’
JCc = usleuS, H, + g, (S H, + SyHy)]
+DI[SF— (PSS +D] . )

Here D is the axial crystalline-field parameter, H is
the external magnetic field, up is the Bohr magneton,
and for generalization,!” we have assumed that the g
value might be anisotropic with g, and g, as the
values of g for magnetic field in the T and 7 direc-
tions, respectively. Seven resonance lines associated
with the M — M —1 transitions are expected'’; here
M are the expectation values of S,. In the notation
of Abragam and Bleany,!” we have identified the
resonance lines in the T direction as the —% ._.__%‘

—;— '-’%, and %*% transitions [Fig. 1(a)]; the two

. . — g . . g 1 1
lines in the @ direction are identified as the —5 <+

2
and —% -*—% transitions [Fig. 1(c)]. The solid lines

in Fig. 2 are the best fit of Eq. (1) to the observed
angular dependence of the field for resonance. The
fact that the intensity of the high-field line [the

—-% ‘—'—% line in Fig. 1(a)] decreases faster than the

. . 1 i - . .
intensity of — « - transition upon increasing tem-

— |

perature indicates that the sign of D is positive. The
fitting procedure yields the following parameters:

D =+250+30G, g=g,=g,=1.85+0.01. Theg
value observed is consistent with that observed in
powdered samples.!271*

Clearly, the most disturbing feature in Fig. 1 and
our theoretical fit in Fig. 2 is the absence of some of
the transitions in our experimental spectra. While
the absence of the %*—-% and %'—*% transitions

could be partially understood by the small thermal
population factor associated with these transitions,

this is not the case of the lines —% ._.__;_ and

3 5

-T-3 which are also absent. We propose an in -

ternal random stress model'®!? to explain both the ab-
sence of these transitions as well as the anisotropy of
the linewidth shown in Fig. 3. We argue that such a
model leads to a larger "residual width" for

M — M —1 transitions having larger M value. De-
tails of our calculations and assumption are given in
the Appendix. Here we just quote the second mo-
ment ((8H)?) yar—1 associated with random strain
distribution for the various M «— M —1 transitions.
We found for the M <« M —1 transition in the a-C
plane, the following second moment:

(BH)?y ppg—1 = ((HA, + QM —1) B}1?) (3 cos?0 — 1)2'+ ([HA,+ QM —1) B,)%) sin26 03]

where the factors 4, 4,, By, and B, are given in the
Appendix in terms of the average of the deforma-
tion components €,,; H is the external magnetic field.
Equation (2) can explain (at least qualitatively) some
of our experimental features. First, as clearly seen
from Eq. (2), our second-moment calculation
predicts a minimum linewidth at §=54°

(3 cos?9 —1 =0) provided that the second term in Eq.
(2) can be neglected with respect to the first term. A
minimum of the linewidth at §=54"° is consistent1

. . . 1
with our experimental observation for the —5 «— =

transition in Fig. 3. The dominance of the first term
in Eq. (2) requires that the deformation component
(€pp) is much larger than the deformation component
(€pq) P # q which is a reasonable assumption.
Second, it is seen that the second moment

((8H)?) pp a1 increases with M. The dependence of
((8H)?) ps41—1 on M should be most pronounced
under the condition |B;| > HA,. This last condition,
is probably satisfied at X band as the width of the
*< —+3 transitions is significantly larger than the
width of the —-;— --’% transition (Fig. 3). The larger

width of the t% — +3 line with respect to the
——;— '—*-;— line provides additional evidence for the ex-

istence of random strains in our samples.

A more quantitative analysis, Eq. (2), predicts
that the random strain contribution to the linewidth
of the —% **% transition vanishes for 8 =>54° pro-
vided that the second term in Eq. (2) can be neglect-
ed. Thus, we shall take the minimum linewidth of
the —% ._.% transition at 8 = 54 ° as the "background

width" due to contributions other than the random
strain. Experimentally this width is ~120 G (Fig. 3).
For a Gaussian distribution of stresses, then, the in-
dividual linewidth associated with the M — M —1
transition at low temperatures can be expressed

AH -1 =1.170(120)% + ((BH) 2y pype—1'? . (3)

The linewidth AH)y - is angular dependent and
can be calculated provided that the value of B, is
known [see Eq. (2)]. The value of B, can be es-
timated (under our assumptions above) from the ex-

perimental linewidth of the —% ....% or the ——;— H—%
transitions using Eq. (3). To demonstrate the depen-
dence of AH)gp—1 on M, we have calculated the
width of the various transitions for the H IIT direc-

tion. We find
AH_]/2‘1/22150 G, AHi]/z'iyzzzsoG ’ (4)

AHt;/Z,t5/2:350G, AHi5/2'i7/22450G . (5)
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It should be mentioned that the distribution of
stresses is not necessarily a Gaussian and looks more
like a Lorentzian but a Gaussian was assumed for
simplification. We have used the values of AHj -
in Eqs. (4) and (5) to calculate the ESR line shape
for magnetic field in the T direction. The line-shape
calculation was carried out using the transverse
dynamic susceptibility given by Urban et al.2’ This
dynamic susceptibility was derived using the Barnes-
Plefka theory for the nonbottleneck regime and is
given by

X+(w) ~1 -—w[EM_M'PM(Q—l)M,M'] ’ (6)

where M and M' are quantum numbers describing
the various S, states, P, are transition probabilities,
defined by Urban et al.,? for transitions from the M
to M —1 states, and the matrix elements Q7 are
given by

fw
g 1B

Qumu=

-H - HM,M-—I]SM,M’ — i AHp 1 Sp

£

2

AHCrrQBpm — Srmr1 — dagar—)

)]

where w/2m is the microwave frequency, Hpyp—1 is
the field for resonance of the M «— M —1 transition
given in Fig. 2, AHygp—1 is the "residual width" which
contains the random strains contribution and is given
by Egs. (4) and (5), AHy is the Korringa relaxation
rate, and Cyp is a matrix element given by
Cy=S(ES+1)-M(M'+1).

Absorption Derivative
lox

|

The theoretical spectra for a magnetic field parallel
to the T axis is given in Fig. 7(b). The agreement with
the experimental spectra, given in Fig. 7(a) after sub-
tracting the background signal, is good. Although
not shown here, the agreement between experiment
and theory is good also for other magnetic field
orientations.

Although it will not be discussed in detail, the ob-
servation of a single line at Q-band frequency
(presumably the —% **—-%) and the absence of other

transitions can be explained by the thermal popula-
tion factors as well as by the presence of random
strains. It should be stressed, however, that in this
case one should take into consideration higher-order
terms proportional to H,S; and H2S?2 in the stress
Hamiltonian (See Appendix).

We turn now to analyzing the thermal broadening.

- The thermal broadening observed for the collapsed

position (of 3 £1.5 G/K) is determined by the Kor-
ringa mechanism according to the theory of Barnes-
Plefka.~® This thermal broadening is given, in the
absence of @ dependence of the exchange interaction,
as

AHk ‘TTkB

T g 1B

(Ago)’FiK (o) , (8)

where Ago is the g shift induced by the exchange
coupling with the conduction electrons

(Ago=—0.15 +£0.01 in our experiment), kg is the
Boltzmann factor, F, is a constant associated with the
degeneracy of the d states at the Fermi level (usually
F;~1/5, see Ref. 21), K («) is the "Moriya" function
associated with the electron-electron Coulomb in-

1 |

]
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4000 5000
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FIG. 7. (a) Experimental ESR spectra of LaNis:Gd (2000 ppm) for H IIT and after subtracting the "background" signal.
T =1.8 K. (b) Theoretical spectra for H IIT using the Barnes-Plefka theory [Egs. (6) and (7)] together with the various experi-

mental parameters mentioned in the text. 7=1.8 K.
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teraction U, leading to exchange enhancement of the
host susceptibility, and « is the enhancement fac-
tor.222 Using Eq. (8), as well as our results, we

~ have estimated K (a) to be K (a) =2 x 1072, This
yields an enhancement factor of « ~0.86, for spatail-
ly constant U and « ~0.98 for & function range of
U?' These values of « should be considered with
caution because we have not considered possible
wave-vector dependence of the exchange interaction?
as well as possible multiband contributions.?* How-
ever, these effects cannot explain a factor of 1072
difference between the experimental thermal
broadening and the one calculated from the g shift
using Eq. (8). Thus, our experimental results strongly
support a large enhancement factor in LaNis. This
might indicate that LaNis is an "almost itinerant fer-
romagnet" of the Stoner type.

The thermal broadening of the —% °—*—i— transition

in the T direction, of 9 +3 G/K, is much larger than
that in the collapsed position in qualitative agreement
(but not quantitative!) with the theory of Barnes-
Plefka.?® According to this theory, one can expect an
enhancement of 16 for the thermal broadening of
this transition with respect to the Korringa mechan-
ism. Experimentally, we have observed, however, an
enhancement between two and eight due to the large
experimental error in the determination of the ther-
mal broadening.

Finally, it is interesting to note that the thermal
broadening of the %*—*—% transition in the H IIT

orientation is comparable to that found for the ther-
mal broadening of Gd in powdered samples of
LaNis.!2!* This might indicate that the spectra in
powdered LaNis:Gd originates with the %'—'—% tran-
sition.

IV. DISCUSSION

We shall discuss, first, the observation of the addi-
tional line in annealed samples of LaNis (Fig. 6).
The large intensity of this line (even at room tem-
perature), the almost temperature independence of
its angular position and the similarity of its angular
dependence to that observed in ferromagnetic sam-
ples, '® indicate that this line is a ferromagnetic reso-
nance. The angular dependence appropriate to hex-
agonal symmetry supports the idea that the ferromag-
netic domains are single crystals with T axis parallel to
that of the LaNis single-crystal axis. The possibility
that this resonance arises from domains of hexagonal
Ni is rejected because hexagonal Ni is not ferromag-
netic.? It is possible that slight chemical changes
produced by the annealing process (i.e., migration of
La or Ni) induce ferromagnetism in the "almost fer-
romagnetic" LaNis compound. If this is the case,
however, then the relatively large ferromagnetic tran-

sition temperature which is above room temperature
is not understood. Evidence that annealing effects
might be important in LaNis is provided by Siegmann
et.al.’® These authors have demonstrated that dur-
ing annealing, La ions diffuse to the surface and con-
sequently there is a deficiency of La or excess of Ni
at certain depth in LaNis single crystal. Another pos-
sibility for the interpretation of ferromagnetic reso-
nance is the formation of macroscopic regions of
La,Ni; in the LaNis by the annealing process. The
structure of La,Niy; is very close to.that of LaNis and
can be obtained from the latter by replacing one La
ion by two Ni ions in the base of the LaNis hexago-
nal unit cell. La,Ni; is probably ferromagnetic as the
analogue compound Y;,Ni;; is ferromagnetic below
T.==150°K.?" Thus, although no change in the lat-
tice constant was observed after annealing, there is
the possibility of formation of a macroscopic region of
another phase (like La,Ni;;) after annealing which
gives rise to the observed ferromagnetic resonance.
Clearly, a systematic study of the nature of the
magnetism in annealed single crystals of LaNis is re-
quired. Whatever the origin of the ferromagnetic
resonance, the possibility to induce magnetism by
slight chemical changes (annealing) is an exciting
prospect and should be carefully studied.

Another very interesting feature of our results is
the observation of large internal random strain con-
tributions in LaNis:Gd.” Random strains have been
reported previously in LaSb:Dy,'? and Ag:Dy,? and
although unnoticed, probably exist also in many oth-
er systems. For instance, the ESR spectra of Gd in
the cubic LaSb crystal?® have shown that the width of
the —% *-—% transition is much broader than the

—% *-’% transition in the [001] direction; also the

—% *-*—-% transition is broader in the [001] direction

with respect to the same transition in the [111] direc-
tion. These features support the existence of random
strains in LaSb:Gd. Figure 8(b). exhibits a theoretical
line shape, calculated using Eq. (6) together with ran-
dom strains for the case of LaSb:Gd in the [001]
direction. As clearly seen, the theoretical spectra is
very similar to the experimental LaSb:Gd spectra
[Fig. 8(a)]. For comparison the theoretical spectra in
the absence of random strains is given in Fig. 8(c).
This indicates that random strains play an important

-role in the ESR of rare-earth ions in very dilute al-

loys, much more than was anticipated before. In the
case of LaNis, Buschow and Van-Mal'” have demon-
strated that LaNis has large homogeneous regions
where La ions substitute for Ni ions in a random
fashion and vice versa. This is accompanied by slight
changes in the unit-cell dimensions. Certainly this
can provide a possible origin for the random internal
strains. In conclusion:

(a) We have observed resolved ESR spectra for Gd
in LaNis single crystals (as cast samples) for the first
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time. The observation of resolved fine structure in
LaNis:Gd is associated, according to the theory of
Plefka-Barnes,®® with the very small Korringa width
with respect to the crystal electric-field parameter, D
(i.e., D/AH, =25). This is in contrast to the rest of
the hexagonal hosts' ™ where D/AHk is approximate-
ly 1 in the temperature range in consideration.

(b) We have shown that the ESR spectra of Gd in
LaNijs is strongly influenced by internal random
strains. Especially the absence of some of the ob-
served transitions for LaNis:Gd spectra is due to ran-
dom strains and not to exchange narrowing effects.
To demonstrate that exchange narrowing effects are

Absorption Derivative
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—
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FIG. 8. (a) Experimental spectra of LaSb:Gd (500 ppm)
at X-band frequency, 7 =1.4 K in the [100] direction. This
spectra was taken from Ref. 29. (b) Calculated spectra, us-
ing Egs. (6) and (7), for Gd in cubic symmetry in the [100]
direction and assuming the presence of random strains. The
spectra was calculated using the following parameters:
g=199, b,=30G, 4,=33x107 G, B,=82G,
A,=B,=0. (c) The same as in (b) but neglecting random
strains, i.e., £ =199, b,=30 G, AHy; 5, =20 G (indepen-
dent of M).

not important in the present case, we have calculated
the "first moment"'~3 which takes into account both
the angular dependence of the individual M — M —1
transitions as well as the thermal population factors.
Such "first moments" have been shown in the past to
fit very well the temperature and angular dependence
of the field for resonance of the Gd** single ESR line
in exchanged narrowed systems.!™ Figure 4 exhibits
our first-moment calculation using D =250 G. As
seen, its temperature dependence is significantly dif-
ferent from the temperature-independent field for
resonance of the experimental lines (Fig. 4). This
further supports the idea that the exchange narrowing
mechanism is not important in LaNis:Gd.

(c) The thermal broadening of the ——% - —;— transi-

tion is very similar to that previously observed in
powdered samples of LaNis:Gd.'?"** This might indi-
cate that the powdered spectra originates with the
—% ,_.% transition. This is also supported by the

equality between the residual width of the line ob-
served in very dilute powders'> 13 and that of the
—% ._.% transition. Consequently ESR of powders of

LaNis:Gd should be reanalyzed.

(d) Our results indicate very small anisotropy in
the g value of Gd in LaNis. We estimate the aniso-
tropic g shift to be less than 15% of the total g shift
(Ag ~—0.15). The measured anisotropic susceptibil-
ity (Fig. 5) is not inconsistent with this observation.

(e) We have shown that LaNis exhibits large host
exchange enhancement and is "almost ferromagnetic"
of Stoner type. Evidence for ferromagnetic domains
in annealed single crystals might be associated with
this property.

Note added in proof: After submission of the paper
we found out that L. Schlapbach from Zurich (to be
published) has measured the susceptibility of
LaNisg. His susceptibility at 100 K is 5 x 1076
emu/g, smaller than the susceptibility value observed
by Buschow for LaNis of X =14 x 1078 emu/g and
our value of 9 X 107% emu/g at 100 K. This indicates
that, indeed, it is the excess of Ni which contributes
to the larger susceptibility in our measurements.

ACKNOWLEDGMENTS

We would like to thank Mr. J. M. Bloch for the
permission to use the temperature control system
which was built by him, and Professor K. Baberschke
for stimulating discussions and for his permission to
use the unpublished results of the ESR of Gd in
LaNis at the Q band. We would also like to thank
Mr. A. Gabai for developing the proper electro-
etching solution. This research was supported by a
grant from the U.S.-Israel Binational Science Founda-
tion (B.S.F.), Jerusalem. '



2632 LEVIN, GRAYEVSKEY, SHALTIEL, ZEVIN, AND DAVIDOV : 20

APPENDIX

The spin Hamiltonian of Gd* ion in axial crystalline field and in the presence of stresses may be written

JC =JC+3C +3€2 ,

(A1)

where JC. is the Hamiltonian (1),3C, andJC, are terms that describe the influence of the stresses. JC,is given by

3¢, =i EVT) +8,(T) EP(TDIQH,S, — HySi — H,S,) +8(T) E((T5) (S, Hy) + Eo(T'5) 1S, H, )]

+g (T E (Te) (S H, — S, H,) + E5(Te) Sy, H, 11

I'; are the irreducible representations of the hexago-
nal group. The strains are given by

EV() =en+e,+tes ,
E@T) =2e,—€ex—c¢, |
E\(Ts) =€, Ey(s) =€,
E\(Tg) =€ — €y, E(Te) =2¢,

and
(H,,S,} = H,S, + H,S,, p.q=xy.z
Due to the axial symmetry we have also

(exx) = (&), (€x) = (&)

where the brackets ( ) indicate the averaging over
the random strains €,,. The termJC, is bilinear in S
and is written the same way as JC;, but H, is replaced
by S, and g;(T',) by other constants G;(I',) in Eq.
(A2).

Assuming that the crystalline-electric-field (CEF)
part of the Hamiltonian is a small perturbation on the
Ziman part, we can use the eigenfunctions, |M), of

(A2)

T

the Ziman Hamiltonian in order to calculate the ener-
gy shifts that result from the strains. From Egs.
(A1) and (A2) we obtained the shift of the reso-
nance field of M «— M —1 transition in the 3-C plane
to be .

[HA,+(2M —1)B;]1 (3 cos?0—1)

+[HA, +(2M —1)B,l sin26 , (A3)

where
A =g (TPED(T)) +g,(T)EX(T) (A4)
A,=g(([T)E((Ts) . (A5)

B; can be obtained from Egs. (A4) and (AS5) by
changing the interaction constants g(T',) by G (T,).

0 is the angle between the external magnetic field
and the c axis. The randomness of the strains permit
us to write the strain contribution to the residual
width of the M — M —1 transition, assuming statisti-
cal independence of the EY)(I')) and E;(Ts), as

(8H?) pp—1 = ([HA, + @M —1) B|1*) (3cos’6 —1)?
+ ([HA, + 2M —1) B;]?) sin26 .
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