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Mbssbauer-effect studies of "Yb in the cubic intermetallic YbPd, at temperatures 1.4—4.2K
and in external fields up to 44 kOe yield the following results: (a) Although the Yb ion is triva-
lent, no magnetic ordering is seen down to 1.4 K. (b) The temperature and field dependence
of the magnetic hyperfine field and the induced electric field gradient show that the ground state

in the presence of external field is not an isolated level.

(c) All experimental observations can

be reproduced by a cubic-crystalline-field calculation with parameters A 4(74) ==12+1 cm-!

and A¢(#%)=0.6+0.6 cm™!,
-1

These give a I'; ground state with I'g and T'¢ lying at 29 and 39

cm™'. These results are compared to predictions of a simple—point-charge—model calculation.
Low-field spectra have been analyzed to give an ionic-spin-relaxation time 75 ~4 X 10~ sec.

INTRODUCTION

The magnetic properties of rare earths in in-
sulators are well understood interms of crystalline
field theory. The effect of crystalline fields on
the properties of rare earths in metallic systems
is much less understood, largely because our
principal sources of information on crystal field
parameters (electron-spin resonance and optical
spectroscopy) are very difficult in metals. In re-
cent years some information has become available
through the use of neutron diffraction,® suscepti-
bility measurements,? specific heat, Mdssbauer-
effect studies, and some ESR work.® Most of this
work has involved cubic systems since in this case
only two parameters are required to discuss the
experimental results, i.e., the crystal field
parameters A r?) and A,(r®). In general, one
finds that, in contrast to insulators, crystal fields
for metals are rather small. This is generally
discussed in terms of shielding effects on the ions
of the crystal by the conduction electrons.

In order to obtain more information on the sub-
ject, it is useful to study single-electron or sin-
gle-hole ions, such as Ce**(4f') or Yb**(47'3).
From a theoretical point of view these may be easi-
ly treated within the crystal field approximation,
with a minimum of calculational difficulty. Ex-
perimentally, measurements of hyperfine inter-
actions such as one obtains, for example, in the
Mbdssbauer effect are very useful because they
provide a truly local measure of the ion’s behavior,
If external magnetic fields can be applied which are
sufficiently large to cause admixtures of the crys-
tal field levels, then the resulting hyperfine con-
stants in principle can be analyzed to provide a
complete discussion of the crystal field effects.
Here we present a detailed study of the crystalline
fields acting on Yb®* in YbPd,, which has the face-
centered-cubic CuzAu structure.* The crystalline
field parameters have been obtained by a study of

8

the dependence of the hyperfine interaction in "°Yb,
as measured by the Mdssbauer effect, ontempera-
ture and external field.

EXPERIMENTAL

Data were obtained with the Mossbauer effect of
the 84.3-keV resonance in !"°Yb., The source ma-
terial was "°Tm in a TmAl, matrix. Absorbers
were unenriched YbPd; with a total material thick-
ness of 300 mg/cmz. Both source and absorber
were placed in a superconducting magnet with the
magnetic field along the direction of y-ray propa-
gation, External fields up to 44 kOe were applied
at temperatures of 4.2 and 1.4 K.

The 84, 3-keV y ray in "%Yb results from an E2
transition between an excited-state spin I,,=2 and
a ground-state spin I, ;=0. In the presence of a
magnetic field, the excited state is split into five
levels. For y-ray propagation along the external
field, this results in two transitions (correspond-
ing to AI,=x1) of equal intensity and separated in
energy by 2g, u,H,, where H, is the magnetic field
at the nucleus. Ytterbium is divalent (5f 1‘*), hence
diamagnetic in the TmAl,; source. One therefore
has H;*"**=H,,, and the emission spectrum con-
sists of two lines separated by 2g,u,Hqy;. In YoPd,,
the ytterbium ion is trivalent and hence magnetic.
The external field will then align the electronic
moments and so produce a field H,,, at the nu-
cleus. Thus one has H®=H, ,+ H,,, and the ab-
sorption spectrum consists of two lines with se-
paration 2g,u, (H,,+ H,,,). Sinceresonance occurs
only between source and absorber lines having the
same polarization, the resulting Mdssbauer spec-
trum consists of two equally intense lines separated
by 2g,u,H.ss, With the external field not being seen
explicitly. The electric quadrupole interaction will
shift both lines by —% e2q,;;Q, where g,,, is the
principal component of the electric-field-gradient
tensor and @ is the quadrupole moment of the 2*
state of "°Yb.
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FIG. 1. Experimental hyperfine spectra for "°Yb in
YbPdg at T=4.2 K.

Typical spectra are shown in Fig, 1. In low
fields (<5 kOe) one obtains a single broad line,
with no structure resolved because of paramagnetic
relaxation effects. In higher fields, the typical
two line spectra are seen. These spectra were
analyzed by a least-squares program to yield
H,, and g.,. In the fitting procedure, finite in-
tensity has been allowed for the AI,=0, +2 lines
to allow for incomplete polarization due to a finite
magnetic anisotropy. In addition, the lines are
broadened because of distribution in Hy,, and g4
and because of effects of paramagnetic relaxation,
as discussed below. These various effects com-
bine to produce the asymmetric appearance of the
spectra seen in Fig. 1. No evidence of magnetic
ordering is seen down to 1.4 K.

Hyperfine Structure of Trivalent !’ Yb

Before discussing the experimental results it
will be useful to consider in more detail the kinds
of spectra that can be obtained under various con-
ditions. In the absence of crystalline fields and
external magnetic fields, all electronic levels of
Yb®* are degenerate and one obtains a “free-ion”
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hyperfine interaction
JCM = A“ 3 . .i (1)

with A;;=1.03x 102 cm™, In a cubic crystalline
field, the ground state of Yb**(F,,,) splits into two
doublets (I'q and I';) and one quartet (I'y), with
wave functions as given in Table I.%"® These wave-
functions are independent of the crystalline field
parameters, and one may therefore completely
characterize the hyperfine spectra arising from
each isolated level a priori. In this section we
will describe the hyperfine results anticipated
when any one of the levels (T, T';, or IY) is the
ground state, These results apply only when the
Zeeman interaction energy is small compared
with the crystalline field energy, so that H,,, does
not mix the different levels together,

1. Doublets T and T,

For both of the Kramers doublets I'y and I';, one
can show from the wave functions in Table I that
the quadrupole interaction is identically zero and
that the states are isotropic (g,=g,=g,). In the
absence of external fields, the hyperfine inter-
action may then be described by a spin Hamiltonian
of the form

J=AS.T @)

with an effective spin S= 3. The interaction con-
stants are found to be A(I'g)=-% A,, and A(T';)=3
Ay, If one defines a total angular momentum

F =I+8, then the eigenvalues of Eq. (2) are given
by

Ep=3A[F(F+1) - I(I+1) = S(S+1)]. ®)

In the present case (I=2, S=3) we may have F

=32 or 2. Therefore the nuclear excited state will
be split by the hyperfine interaction into two levels
at energies E;;;=A and Ey/;=~ %A, The ground
state (I =0) remains unsplit. For spin-relaxa-
tion times long compared to the Larmor precession
time [i.e., for (A/n)T > 1], the Mdssbauer spec-
trum will consist of lines located at positions E;,,
and Eg,, with relative intensities 3 and 2, respec-
tively. For short relaxation times, a single line
will be observed at zero energy. The zero-field
data of Fig., 1 represents a case of intermediate

TABLE I. Electronic wave functions for a 2Fy,, state
in a cubic crystalline field. The components are labeled
1z-

Te: JEl=d+/Fl1ed)

Te 19 -J31F9
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FIG. 2. Dependence of Hgy on He at 4.2 K. Solid
circles are experimental points. Solid line through data
points is theoretical curve obtained as described in text
with the values A,(r*)=—12 cm™! and A¢(+%)=0.6 cm™L.
Other solid curves show the dependence expected if Tg,
T, or T'gis the ground state and no other level is mixed
by the external field. For the case of Ty, three curves
show the different dependences for Hg,, along the three
major symmetry axes. Also shown is the free-ion be-
havior.

relaxation times.

In an external magnetic field H,,,, the doublet
degeneracy is removed by the Zeeman interaction
gugS- Hyy, where g(Ty)=~fand g(T;)= 3. For
external fields H,,, > A/2gup~1kOe, I and S are
decoupled. Then the “effective-field approxima-
tion” is in effect and one has (S,) =(S,) = 0 with the
z axis being along the direction of the external
field. In the limit of fast spin relaxation, the ex-
ternal field aligns the electronic moment to pro-
duce an effective hyperfine field H,,, which depends
on temperature and on H,,, according to

gn“anH: %A tanh(glJ'BHext/ZkT) . (4)

In the case of long spin-relaxation times, H,,, will
be independent of H,,, and T and will have the sat-
uration value A/2g,u,. The dependence of H,,, on
H,,, from Eq. (4) is shown in Figs. 2 and 3 at tem-

K=z

peratures of 4,2 and 1.4 K, respectively.
2. Quartet T'g

One easily verifies from the wave functions of
Table I that the I'y quartet is anisotropic and that
the quadrupole interaction does not vanish. For
H,,.=0, the spin Hamiltonian is®

Ww=al.S+a’ (I,S3+1,83+1,8%)

+b 2 [3I3-I(1+1)][35%-S(S+1)]

q=X,3,2

+b' g} (I I+ ILXS, S+ S,S,), (5)
q

where S=3%, The constants a, a’, b, and b’ may
be determined according to the procedures of Ref.
5. For the 'Yb case, the combined electronic-
nuclear state has a degeneracy of (2 +1)(2S+1)=20
which is split by the hyperfine interaction into four
doublets and three quartets.” Thus a seven line
spectrum should be observed. However, in most
cases the relaxation times are so short that this
detailed structure is not seen.
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FIG. 3. Dependence of Hey on Hoy at 1.4 K. Same details
as in Fig. 2.
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In the presence of an external field H,,,, the
electronic wave functions are determined by the
Zeeman interaction. In the spin formalism of the
T, state, this must be written®

%Zee=g#8§ * ﬁext+f(HxS:ca+ Hyssgv+HzSi) 1 (6)

where f is a known constant and the H; are com-
ponents of H,,, relative to the cube axes., This
causes an anisotropic splitting of the I'y state,

and hence also an anisotropic hyperfine field. That
is, the hyperfine field H,,; depends not only on the
value of H,,;, but also on its orientation with re-
spect to the crystalline axes. Nonetheless, for a
given orientation the electronic wave functions may
be obtained from Eq. (6) and H,y, (as well as g4y
calculated. The dependence of H,, on H,,, is
shown in Figs. 2 and 3 at temperatures of 4.2 and
1.4 K for those cases in which the external field

is along each of the three major symmetry axes
[001], [110], or [111].

EXPERIMENTAL RESULTS AND DISCUSSION

Experimental values for the hyperfine field at
various fields and attemperaturesof 1.4 and4. 2K
are shown in Figs. 2 and 3. The experimental
points do not follow any of the curves discussed
above. Thus one concludes that the Zeeman in-
teraction energy is comparable with the crystal-
line field splittings and that the ground state of
Yb* in YbPd;, in the presence of an external field
is not an isolated level. In order to analyze the
results we must solve the full Hamiltonian for an
ion in a cubic crystal field and external magnetic
field:

3¢ = A(r )1 BllJIY (0 + 50%)

+A6(76)<JH7/HJ)(03— 21 Oé)—gJ ﬂaj . ﬁext .M

The nonenclature of Eq. (7) is that of Lea, Leask,
and Wolf.® Diagonalization of this Hamiltonian
then yields electronic energy levels €; and wave
functions y; with which all observables can be
calculated. For a given orientation of H,,, with
respect to the crystalline axes, the effective mag-
netic hyperfine field H,,, and electric field gradi-
ent ¢,,, may thus be obtained. The magnetic hyper-
fine field is

\ p=€ i/ kT .
Eigp: ;je.li%i = lHeﬂ, ko,

®)

where H,, =4230 kOe is the free-ion hyperfine field
and % is a unit vector. The components of the
electric-field-gradient tensor ¢, are given by

2(;10819)) e*i/*T
% J(@2J-1) e-Ci/kT

where g, = - 8.44 X 10" V/cm? is the free-ion

Hopo(Hog, T) =Hyy

qm(HexU T) =4 (9)
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value for the principal component and the O are
given by

0%4=3J2-JU+1),
0h=FVE[JJ.+J. ], 10)

0% =V3JL.

For an electric quadrupole interaction small com-
pared to the magnetic interaction, we may define
an effective electric field gradient by projecting
the components g, along the direction of H,.
This gives

etr= 1q,(3n%-1) +‘/%_(q,,1 hohy—q_y b, hy)
+‘/%-(¢I+z h2-+ q.2 hz») ’ (1 1)

where h, = I, +ih,, and % is defined in Eq. (8).

To obtain the parameters for a powder sample,
one should then average over all orientations of
H,,. However the general calculation is quite
tedious and complicated. To overcome these
difficulties, we will assume that the anisotropy
energy is low enough so that H,, lies along the ex-
ternal field direction, Ifthiswere rigorouslytrue,
the spectra of Fig. 1 would consist of only two
lines (AI,=+1). The experimental justification for
the approximation thus lies in the fact that the
AI=0, +2 transitions are observed with only very
weak intensity. If in addition H,,, lies along one of
the crystalline symmetry axes [001], [110], or
[111], one can express the crystalline field in the
coordinate system for which the direction of H,,,
is the quantization axis.® Then, the hyperfine field
and electric field gradient along the quantization
axis will be given by

Hy D (910,19 es/*"

Ho4o(T, Hext) = ZiJe-e i/RT (12)
and
44
qelf(T! Hext) - J(ZJ - 1)
2 ~¢;/ kT
w ZH BTG =TU+ ) 1) VM g

hF e~/ T

We will evaluate these quantities and then approxi-
mate the average over direction by

Hys= 'zlé' {GHeu([OOl])*'8Heu([111])
+12H,,([110])}, (14)

with a similar expression for 7.,. The value for
each direction is weighted according to the number
of times that direction appears on the unit sphere.
The results for a typical set of parameters shown
in Table II. One sees that H,,, is not strongly de-
pendent on orientation, whereas g,,, varies a large
amount, We thus expect little error in the average
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TABLE II. Calculated values of hyperfine constants
showing the anisotropy in Hey and ggpy for Hyy =40 kOe
and T=1.4 K. The crystal field parameters A,(»*)
=—12 cm™! and A¢(#%)=0.6 cm™! used are those which
best describe the experimental results.

Axis Heyy/Hyy Gt/ d1s

[110] 0.589 0,181

[111] 0.549 0.179

[100] 0.528 0.050
Average according

to Eq. (14) 0.562 0.150

H,,, due to the approximation of Eq. (14), whereas
the average g, obtained in this way must not be
relied on.

In summary, our procedure has been to diagonal-
ize the general Hamiltonian for the three major
directions, calculate Hy(H,y, T) and G (Hoyy, T)
as above for various values of the crystal field
parameters A, and A;, and compare the results
with the data. The solid lines through the data
points of Figs. 2 and 3 are the best fit, obtained
for values A,(#*)=-12x1cm™ and A {r®)=0.6
+£0.6 cm™!, Values of g, calculated with these
parameters show generally good agreement with
the experimentally observed dependence on H,,,
and 7. However the quadrupole interaction is
rather small, hence the experimental errors are
large. This coupled with the large directional de-
pendence of the calculated g.,, makes a detailed
comparison difficult.

These values for the crystal field constants im-
ply that Yb* in YbPd; has a T'; ground state with
Iy and T; lying at approximately 29 and 39 cm™!,
respectively. This is roughly one order of magni-
tude lower thanis observed in cubic Yb** insulators.
For example, Yb* in CaF, has the I'; level as
ground state,® with I'; lying at 604 cm™, These
crystal field parameters, when extrapolated to
other similar compounds, verify previous sugges-
tions!? that the magnetic I'; state is the ground
level for Pr® in PrPd, and that the T level is the
ground state for Sm®* in SmPd;. More specifically,
we may estimate A,{(7* for Sm?* by multiplying the
experimental value obtained for Yb** by the ratio
() gud+ /(¥ Hg 3+ given by Hartree-Fock calcula-
tions,!! The resulting values of A, (1) g3+ = 22
cm™, Ag7®)= 0, when combined with the cal-
culations of Lea, Leask, and Wolf, give a separa-
tion of 30 K between the I'y and I'; levels in SmPd;.
This is in sufficient agreement with the crude esti-
mate of 100 K obtained from magnetic susceptibility
data. 10

It is of interest to compare the measured crys-
talline field parameters with predictions of a sim-
ple point-charge model. If a is the unit cell dimen-

sion, then in YbPd, (CusAu structure) the Yb®* ion
has 12 Pd first neighbors at distances of a/V2,
six Yb second-nearest neighbors at distances a,
and 12 Yb third-nearest-neighbors at distances
av2. These give crystal field constants

Ar = (2 /)G V2 21~ 5§ Z,+ 35 V2 Z4),
(15)
Ar®=(eXr®/a"Y (B V2 Z,- & Z,+ % V2 Z;),

where Z;, Z,, and Z; are the charges which the Yb
ion sees on the first, second, and third neighbors,
respectively. The third neighbor contributes only
~10% to A,(r*) even if we use the full unshielded
values Zg = Z,, and so will be neglected. With the
values a=4.0317 A (Ref. 4), (**)=0.96 a.u., and
(r%)=3,104 a.u. (Ref. 11), we obtain

AlrH=10.1[2,~ (2,/2.83)] cm?,
(16)
A% =0.8[2, - (2,/36.77)] cm™!,

If Z, is positive, and we assume Z, small because
of screening effects, then the calculated and mea-
sured A, values disagree in sign. The only possi-
ble agreement with the nearest-neighbor-only
approach comes from an assumption of Z;=-1,
which does not seem likely in these metallic sys-
tems. On the other hand, if weassume Z; ~0, then
the sign disagreement is not present. We may
justify this with the observation that the compounds
YPd,, LaPd,, and LuPd, are all diamagnetic, 1012
With the exception of EuPdg and SmPds, the para-
magnetic moment for all the other R Pd; (R=rare
earth) compounds agree with the R** free-ion val-
ue. 0% Thys the Pd carries no magnetic moment
in these systems, hence must have a closed d shell,
and the neutral atom configuration of 4d'® seems

o o
3 3
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FIG. 4. Hyperfine spectrum for Hg,=5 kOe and T
=4.2 K. Solid line is calculated allowing paramagnetic
relaxation with a spin-relaxation time 75 ~4x10"!! gec.
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reasonable,’® In fact, with Z, =0 for a neutral Pd
atom and with Z,=3 for an unscreened Yb®* ion,
one finds from the above A, (»*=~10.7 cm™! and
Ag(r®==0.06 cm!, Such excellentagreement with
experiment is probably coincidental. However, in
most cases one finds that such simple calculations
will reproduce the order of magnitude and the cor-
rect sign for the crystal field parameters, !* and
the present result is in line with that general fea-
ture, It may also be noted that simple nearest-
neighbor calculations have recently been very suc-
cessful in calculating crystal field parameters for
a number of rare-earth metallic compounds,® The
apparent success of what seems tobe anaive model
is not understood. In view of the present agree-
ment with experiment, we have made no attempt to
interpret the data in terms of more sophisticated
approaches, such as in Ref. 2.

In low-field spectra (H,,, <5 kOe) only one very

broad line is observed. Assumingthatthe broaden-
ing is due to slow spin relaxation processes, we
have analyzed the spectra with the simple two-
level relaxation expression!® appropriate for an
isolated Kramers doublet, since 5 kOe is insuf-
ficient to mix an appreciable fraction of the I'y
level. An example is given in Fig. 4. Thisanaly~
sis provides an electronic spin-relaxation time
Tr>4x 10" sec, roughly independent of H,,, and
T. These spectra were analyzed assuming com-~
plete polarization, i.e., that the intensity of the
AI,=0, +2 lines was zero, Attempts to fit with a
full five line spectra were quite unsuccessful. This
indicates that the observed magnetic anisotropy

at higher fields is due solely to the anisotropy of
the T’y level which is admixed into the ground state
by the applied field. This is also indicated by the
increase in the intensity of the AI,=0 transition as
the external field is increased (see Fig. 1).
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Spin-Wave Approach to One-Dimensional Antiferromagnetic CsNiCl; and RbNiCl;
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The spin-wave approximation is applied to linear-chain antiferromagnets CsNiCly and RbNiCls.
The susceptibility as well as the zero-temperature magnetic moment is calculated. There
is good agreement between the experimental results and the theoretical calculations.

Recently attention has beenfocused on substances
that exhibit one-dimensional properties,! such as
CsNiCl,; and RbNiCl;. These have chains of octa-
hedrally coordinated Ni?* ions along the c axis.

At low temperatures and above their three-dimen-
sional ordering temperatures (11 and 4.5 °K for
RbNiCl, and CsNiCl,, respectively) these com-

pounds show many of the characteristics of linear
antiferromagnets.? A very interesting result has
been obtained by Cox and Minkiewicz. 3 They showed
that the magnitude of the Ni* moment in CsNiCl
extrapolated to 0 °K is (1.05+0.1)up (up is the
Bohr magneton). They attributed it to a very sub-
stantial zero-point deviation, In this paper we re-



