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Crystal-Field Splitting and Kondo Effect in Zn-Mn+
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Magnetic-anisotropy measurements show evidence for the existence of crystal-field
splitting of the transition-metal ion in zinc-manganese single crystals. Assuming the
manganese ion has a spin value of 2, the maximum energy splitting A is 0.3°K. On the
condition that A/T', Ty/T <1, the Kondo behavior as indicated by the experimentally
measured magnetic susceptibility is not seriously affected.

Evidence for the coexistence of crystal-field
splitting and the Kondo effect has been reported
for single crystals of rare-earth metal alloys,
e.g., Y-Ce, La-Ce."” However, no observations
have been reported indicating the existence of
crystal-field splitting of transition-metal ions in
a Kondo alloy. In studies of the magnetic suscep-
tibility and the magnetic anisotropy of Zn-Mn
single crystals, we have found evidence for a
crystal-field splitting of the manganese ion in
the presence of the Kondo effect.

The magnetic susceptibility x, was measured
using Curie’s method, and the magnetic anisot-
ropy Ax =x,— X, was measured using a torque
method. The single crystals were grown from
the melt by slow cooling in a temperature gradi-
ent and subsequently annealed in argon for 17 h
at 390°C.® The manganese concentration was
determined from the room-temperature suscepti-
bility using the value* of (1.55x0.15)x10~% emu/
g at.%. Figure 1(a) shows the inverse of the
magnetic anisotropy per unit Mn concentration,
AYH(T)/c = [Ax(T)?" "M — Ax(T)?"]/c, as a function
of temperature for the range of manganese con-
centrations studied.® Values of Ay(7) were mea-
sured to better than 2% so that Ay'/c has a preci-
sion of better than 10%.

Hirst® has discussed the energy splitting of a
manganese ion in a hexagonal close-packed lat-
tice and suggests that the lowest-lying level of
an S-state ion is subject to an energy splitting of
less than 0.1°K. The g value for manganese in
zinc is 2.05+0.01 and is temperature independent
below 90°K,™® which suggests that the manganese
ion is predominantly s-like and hence will ex-
perience only a small energy splitting. The ob-
served reduction of the manganese spin value
from 3 to 2 is presumably due to the s-d mixing
which is also responsible for small orbital con-
tributions resulting in the observed g value of
2.05.

With the use of a spin-only Hamiltonian for a
manganese ion in a hexagonal matrix, the mag-
netic susceptibility, if one neglects the contribu-
tion due to conduction-electron polarization,
would be®
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FIG. 1. Magnetic anisotropy for Zn-Mn single crys-
tals; circles, 135 ppm; squares, 280 ppm; and trian-
gles, 475 ppm, (a) Inverse magnetic anisotropy per
unit Mn concentration as a function of temperature.
(b) = (T AX})/c as a function of inverse temperature.
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term, then Eq. (7) reduces to Eq. (3) and the
anisotropy is due solely to crystal-field effects.
In addition, if the crystal-field-splitting term ob-
tained from the magnetic-anisotropy measure- |

ment is an order of magnitude smaller than the o ’ 1
s-d exchange interaction term, then Egs. (5) and
(6) will reduce to the Scalapino'’ expression for
the susceptibility.
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where A is the crystal-field parameter (positive l
A implies the ¢ axis is the easy axis of magneti- due to the neglect of the conduction-electron con-
zation). g, and g, are the g factors parallel and tribution to the susceptibility. A graph of the
perpendicular to the hexagonal axis, respective- inverse of the difference 6 between the experi-
ly; g2=%g.2+1g,% B is the Bohr magneton; and mental points and the crystal-field curve plotted
¢ is the concentration of Mn ions in atomic per- against InT is shown in the inset of Fig., 2. If §
cent, is a measure of the conduction electron suscep-

From Eq. (3) we see that (T Ax')/c should vary tibility in a Kondo system, then the inverse of &
linearly with 7°! if Ay' is due predominantly to indeed should vary as In7."' This experimental
crystal-field effects. From Fig. 1(b) we see that evidence suggests that a combined susceptibility
this relationship is indeed obeyed with an anisot- for the manganese ions in the presence of crystal--
ropy in the g factor, (g,-g,)/2=0.5%, and a field effects plus the Kondo effect can be written
crystal-field parameter A/k=0.078 +0.008°K us - as
ing an effective spin'® of 2 for the Mn ion. This
corresponds to a maximum energy splitting A of X=XotXcrt Xs-a5s (4)
0.3°K.

Crystal-field effects alone cannot reproduce where yx, obeys the high-temperature Curie law,
the observed magnetic susceptibility ¥'. This is Xcr is the term coming from the splitting of the
illustrated in Fig. 2 where curve b is calculated Mn ground state due to the crystal field, and x,_,
from Eq. (1) using the previously determined is the term due to the exchange interaction be-
values of A and (g, —g,)/2. The large discrep- tween the impurity 4 electron and the screening
ancy between curves a and b in Fig. 2 must be conduction electrons. This means that Eqs. (1)

J and (2) become
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FIG. 2. TX,' as a function of inverse temperature

for the 475-ppm Zn-Mn sample., Curve a, smoothed
experimental curve. Curve p, calculated curve based

: iy -1
Figure 3 shows a graph of (x,")™" versus 7. on Eq. (1) for a Mn spin of 2 and A/k=0.078°K. The
The solid line is the calculated curve based on inverse of the difference between curves a and b is
Eq. (5) using A/£=0.078°K and using T as a fit- plotted as a function of In7 in the inset,
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FIG. 3. (x.%"! as a function of temperature for Zn-
Mn samples containing 65- and 275-ppm impurity. Sol-
id line through the experimental points, calculated by
using A/k=0.078°K and choosing Tk as a fitting parame-
ter in Eq. (5). Inset, standard deviation for varying Ty.
Solid line, standard deviation for the combined Kondo
and crystal-field effects with A/%2=0,078°K; broken
line, for the Kondo effect only.

ting parameter for best fit. The inset in the fig-
ure shows that the standard deviation is mini-
mized for a value of 7Ty of 0.23 +0,04°K and a
value of Ty of 0.27+0.04°K for the samples con-
taining 65- and 475-ppm impurity, respectively.
Although the fit is sensitive to the value of T,
Ty itself is insensitive to the value of A. It
should also be pointed out that the standard de-
viation is lower when a finite value of A is used
in the region of best fit for Ty. The average val-
ue of Ty for these two Zn-Mn single crystals is
0.25+0.04°K, which agrees with the value re-
ported for polycrystalline samples.'%!?

Recent? theoretical calculations for the La-Ce
system point out that the Kondo effect can co-
exist with crystal-field splittings only when the
crystal field does not completely remove the de-
generacy of the rare-earth ground state. In con-
trast to the large crystal-field splitting of a
rare-earth ion, for a transition metal ion the
splitting, as reported here, is extremely small,
indicating that the Kondo effect should be little
affected. In fact, from the success in fitting the
data by Eqgs. (3) and (5) one can say that the con-
tributions due to the s-d exchange interaction
and the crystal-field splitting can be considered
independent and separable effects provided A/7T
<1 and Ty/T <1. In conclusion, we suggest that
by using an isotropic Kondo temperature and a

crystal-field splitting it is possible to explain
the magnetic anisotropy and magnetic suscepti-
bility of Zn-Mn single crystals.
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