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Shape magnetostriction measurements along the t001] direction were carried out for
all the magnetic rare-earth ions, R, in R„La~„Sb.At low temperatures the magneto-
striction of both Ce and Sm are "reversed" with respect to the high temperatures. A

crystal-field model can explain this phenomenon by the sign reversal of the expectation
value of the quadrupole operator (020). The data are consistent with a negative second-
order magnetoelastic coupling constant, &23, for all the rare-earth ions.

PACS numbers: 75.80.+q, 75.30.Et

Recently there has been extensive research on
the magnetostriction of dilute rare-earth single
crystals. ' 4 These measurements yield the lat-
tice distortion produced by the quadrupole mo-
ment of the rare-earth ion via its interaction with
the lattice modes. ' In the first approximation
the shape magnetostriction along the [001] direc-
tion is proportional therefore to the second-or-
der magnetoelastic constant V,', the Stevens fac-
tor o. ~, and the expectation value of the rare-
earth quadrupole operator (0,') [0,'= 2l,'- J (J
+1)]. The magnetoelastic coupling constant, V,',
is expected to retain its sign across the rare-
earth series. " The expectation value of 0,' is
always positive in the absence of crystalline-
field effects, or for rare-earth ions in the second
half of the rare-earth series even in the presence
of crystalline field. Thus, for these rare-earth
ions the shape magnetostriction reflects the sign
of the Stevens factor n~. This factor is related
to the shape of the 4f charge distribution. In-
deed, recent magnetostriction studies on Ag:R
and Au:R (R stands for rare earth) single crys-
tals" with R belonging to the second half of the
rare-earth series have confirmed this point:
Namely, the magnetostriction follows the sign of

e~ over the entire range of temperatures and ap-
plied fields.

This Letter reports new shape-magnetostric-
tion measurement along the [001]direction per-
formed on single crystals of R„La,„Sb(R = Ce,
Pr, Nd, Sm, Tb, Dy, Ho, Er, Tm, and Yb) with
emphasis on Ce„La,„Sband Sm„La, „Sb.All the
rare-earth ions including Ce, Sm, and Yb exhib-
it well-defined local moments. To the best of

our knowledge, this work presents the first mag-
netostriction study on single crystals of dilute
stable-valent rare-earth ions belonging to the
first half of the rare-earth series. The most
striking feature of our results is that the mag-
netostriction of Ce„La,„Sb(x ~ 0.15) changes
sign as a function of temperature; the "reverse
magnetostriction" appears to be in conflict with
the sign of the Stevens factor, o. ~. Similar fea-
tures have been observed for Sm„La, ,Sb, but
not for the rest of the R„La, „Sbsystems which
exhibit a "normal magnetostriction" in the sense
that the sign of the magnetostriction reflects the
sign of o ~ over the entire temperature ra,nge.
The "anomalous" behavior of the reverse mag-
netostriction of Ce,La, Sb and Sm„La, „Sbcan
be explained by a simple crystal-field theory. In
fact we believe that our results clearly illustrate
the importance of crystalline-field effects in the
interpretation of any magnetostriction measure-
ments. '

The magnetostriction was measured by the ca-
pacitance method in the temperature range be-
tween 1.5 and 40 K and applied external fields up
to 5 T.' The magnetic field was applied parallel
to the measurement direction in all cases although
a few measurements were carried out with the
field applied perpendicular, to check for volume
changes. Single crystals of R„La,„Sb(NaCl cu-
bic structure) of approximate dimensions of Bx 2

x 2 mm were used. For most of the rare-earth
ions, measurements were carried out on tmo dif-
ferent crystals having different concentrations.
This was necessary, especially for rare-earth
systems exhibiting small magnetostriction, in
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order to overcome any effects associated with un-
known magnetic impurities in the 99.9+/~ "pure"
lanthanum. For this reason we have restricted
ourselves to rare-earth concentrations above 1%.

Figure 1 represents the magnetostriction of the
"normal" Ho and Er substituted for the La in La
Sb. These two cases are given as examples only
for the purpose of comparison H. o" (n~ (0) and
Er" (n~&0) exhibit Stevens coefficients which
differ in sign; indeed the magnetostriction of
these alloys (Fig. 1) has opposite signs. Similar-
ly the magnetostriction of the alloys R„La,„Sb
(R =Pr, Nd, Tb, Dy, Tm, Yb), which are
not shown here, follows the sign of ot ~. Excep-
tional cases are Ce„La,„Sband Sm„La, „Sb.One
naively expects that, since o. ~ of Ce" has the
same sign as that of Ho", the low-temperature
magnetostrictions should have the same signs.
This is certainly not the case. Figure 2 exhibits
the magnetostriction of Ceo y5La, »Sb as a func-
tion of external fieM and for various tempera-
tures. Clearly, the magnetostriction of Cep
Lao 85Sb, at low temperatures has an opposite
sign to that of Hoo 03Lap 97Sb. Furthermore, the
magnetostriction of Sm„La, „Sbat low tempera-
tures is also negative (note the Stevens factor in

Table I) representing another example of reverse
magnetostriction. No sign change of the magneto-
striction was observed for the rest of the rare-
earth systems tabulated in Table I.

Data were analyzed by the method developed by
us recently. '' For shape magnetostriction along
the [001) direction only the I'„mode is impor-
tant. Consequently, the total Hamiltonian de-
scribing the rare-earth ions as coupled to the 13g
lattice mode is given by

where H,,„~')is the ionic Hamiltonian which con-
tains the Zeeman energy and the crystalline-field
terms for a single ion i,

JI; ~') =g~pBH J+PiA4(r )O~+y~A6(y )06. (2)

Here g~ is the Landh g factor, p, ~ is the Bohr
magneton, H is the external magnetic field, 04
and 0, are crystalline-field operators of the
fourth and the sixth degree, respectively, and
A,(y4) and A,(r') are fourth-order and sixth-or-
der crystalline-f ield parameters. The Hamilto-

attice and +Ion-lattice are given by

(~) & 3 0H &m-httice
= 3n'~V2 02 ~(re),

6 '

-1.6 K
- 4.2K
~ 8.0 K

o162K

where C(I', ) = —,'(C» —C») is the elastic constant
of force' and e(r,,e) is the normal strain defined
as e(r„e)= —,'(2c„—e„„—e„,). Note that our model
does not distinguish between microscopic and
macroscopic strains. ~ The net distortion (e(r„e))
can be calculated by use of the free energy de-
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FIG. l. Shape magnetostriction along the [001] di-
rection of (a) Erp p2Lap g8Sb and (b) Hop p3Lap gySb The
solid lines are theoretical fits with the parameters
given in Table I.
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FlG. 2. Shape magnetostriction along [001] for
Cep &5Lap 8,Sb. The solid lines are fits to our theory
with the parameters in Table I.
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TABLE I. Experimental and theoretical parameters
used in the fit of our model to the experimental f001]
shape magnetostriction of R„La&„Sb.

x'
A4 (r4) A6 (r6)

(K) (K)

10'V '
(K)

'

Ce 0.15
Pr 0.1
Nd 0.03
Sm 0.03
Tb 0 03
Dy 0.01
Ho 0.03
Er 0.02
Tm 0.1
Yb 0.05

18
81
88
74
80

132
90
80
86
75

4
4 5

2.9
6.2

16
2.2
3.0
8

—5.714
—1.050
—0.642
+ 4.126
—1.010
—0.6371
—0.2222
+ 0.2539
+ 1.010

0.3746

—17
—130
—85

—154
—95
—92
—95
—64

—104
44

'x denotes R concentration. All the concentrations
are nominal. For rare-earth ions Er and Dy (for
which magnetostriction as a function of concentration
was studied), the magnetostriction scales with the
nominal concentration. For the case of Sm La& „Sb,
the two samples measured (i.e., 3% and 10% nominal)
yield different magnetostrictions which do not scale
with concentration. The reverse magnetostriction,
however, was observed in both samples. The value of
V2 for Sm„La&„Sbshould be regarded therefore with
caution.

fined as"
F =kB T In+, exp(-E, /ks T),

where (E,) are eigenvalues of (1). These eigen-
values can be calculated by a complete diagonal-
ization of (1) provided that the crystalline-field
parameters and the elastic and magnetoelastic
constants, as well as H and T, are all known.
Knowledge of E;, with e(I'„e)as an unknown pa-
rameter, enables one to calculate the free ener-
gy E(e) as a function of e [e = e(r„s)].As has
been demonstrated previously, ' F(e) exhibits a
minimum which yields the most stable distortion
(e). This theoretical distortion is compared with
the experiment.

In our fitting procedure we have adapted the val-
ue of the elastic constant of force for LaSb from
the work of Mullen etal. ''' to be C(l",) =420.000
K/ion. This is not completely justified, and the
presence of rare-earth impurities certainly mod-
ifies C(I',).' As starting values for the crystal-
line-field parameters we have used the values of
Davidov et al. ,

' Birgeneau et al. ,
' and Mullen et

al.' for rare-earth antimonides. The best fits of
the theoretical distortion to the experimental dis-
tortion yield the experimental pa, rameters V,',
A,(r ), and A,(r') The solid l.ines in Fig. 1 rep-
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FIG. 3. Temperature dependence of AL, /i. at various
magnetic fields. Note that Ai, /I. is roughly related to
(0, ). Solid lines are theoretical fits.

resent the best fit achieved for the case of Hop p3-

La, ,gb and Er, „La,»Sb with the parameters
given in Table I. As is clearly seen the fit is
good. The same quality of theoretical fit to the
experiment was observed for the systems R„-
La, „Sb(R =Pr, Nd, Dy, Ho, Er, Yb) with the

parameters given in Table I. For the rare-ea, rth
ion Ce, Sm, Tb, and Tm the agreement is not as
good (see Fig. 2 for the case of Ce, »La, »Sb),
probably because of interaction effects in these
more concentrated systems. ~

The most striking feature of our results in Ta-
ble I is that V,' retains its sign across the rare-
earth series. It is always negative and has rough-
ly the same order of magnitude (except for the
low value for Ce) for all the rare-earth ions in
LaSb. The negative sign of V, is consistent with
the prediction of the point-charge model. ' Also
the crystalline-field parameter A,( 4)rdoes not
vary significantly (except the case of Ce) across
the series and roughly agrees with the crystalline-
field parameter found previously for the concen-
trated antimonides' and the dilute antimonides. '

In the framework of our model, the sign change
of the magnetostrietion of Cep y5Lap 85Sb and the
reverse magnetostriction are attributed to the
properties of the quadrupole operator (0, ) in
this system. Our theoretical fits yield an overall
crystalline-field splitting of 42 K between the I 7

ground state and the l", excited state of Ce in
LaSb. Thus, at low temperatures the induced
quadrupole moment is due to admixture with the
I, excited state (as (r, iO, '~ r,) =0). The matrix
elements of admixture for the ease of Ce" are
negative leading to a, negative value for (0,') at
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low temperatures. At higher temperatures the I',
is populated, giving rise to a positive contribu-
tion ($~02'~ I g. The temperature variation of the
magnetostriction for various magnetic fields is
shown in Fig. 3. Our ability to observe the sign
reversal of (0,') might be important for the inter-
pretation of the complicated phase diagram ob-
served in concentrated Ce systems and particu-
larly in CeSb." This is because quadrupole-
quadrupole interactions are probably important
and partially responsible for these complicated
structural-magnetic phase transitions. To the
best of our knowledge this sign reversal of (0,')
was never taken into consideration.
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