Transformation of the magnetic state in Yb, sing sCu, in a first-order phase transition
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The intermetallic compound Yb, sIny sCu, doped with Gd>* atoms is investigated using ESR and
measurements of the static magnetic susceptibility. The evolution of the magnetic state both
below and above the first-order phase transition, which is observed at 50 K in this compound, is
studied. It is established that at low temperatures Yb, 5In, sCu, is a dense Kondo lattice,

which passes to a regime with well defined localized magnetic moments for the Yb* ions as the
temperature rises. The phase transition is associated with a Kondo volume collapse

mechanism. The values of the RKKY exchange integral J 4_yp, and the spin fluctuation rate 7!
of the ytterbium ions are determined. © 1996 American Institute of Physics. [S1063-

7761(96)02204-4]

1. INTRODUCTION

In the past decade the electronic properties of mixed-
valence systems and heavy fermions have attracted the un-
wavering attention of investigators. This interest is due to the
observation of behavior which is anomalous from the stand-
point of classical metals and semiconductors. One member
of this class of compounds is Yby sIng sCu,. It is remarkable
that this compound exhibits abrupt changes in its physical
properties, viz., its static magnetic susceptibility, specific
heat, lattice constants, etc., which are associated with the
occurrence of a first-order phase transition, at T~ 50 K.!™*

The compound Yb, sIn, sCu, has been actively investi-
gated by various experimental techniques, and the following
findings have been obtained.

1. A first-order phase transition occurs at 7),=50 K.

2. Above T, the Yb ions behave like a system of
Yb**(41"%,2F;;,) magnetic states, while below T, they be-
have like the nonmagnetic Yb?* singlet.

3. At T<T, the values of the static magnetic suscepti-
bility x(0)=0.0045 emu/mole and the specific-heat factor
¥(0)=56 mJ/mole-K are anomalously large for ordinary
metals.

4. The phase transition is accompanied by only a slight
change in valence, from 2.8 to 2.9.

The properties of YbsInysCu, were interpreted using
the phenomenological model proposed by Felner and
Nowik.! This model presupposes that the phase transition is
associated with an abrupt change in the valence of the ytter-
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bium ions from Yb?* at low temperatures to Tb>* at high
temperatures. There is strong feedback between the excita-
tion energy E,, which separates the Yb?* and Yb** states,
and the occupation number p; in the form
E,=Ey(1—ap;), where E; is the ground-state energy.
From this standpoint Ybyg sIny sCu,, is a mixed-valence com-
pound with a small admixture of Yb*>* ions to Yb?* ions
below the phase transition and, conversely, with an admix-
ture of Yb?* jons to Yb** ions above T,. The Felner—
Nowik model provides satisfactory agreement with the ex-
perimentally observed temperature dependence of the
magnetic susceptibility, specific heat, and magnetization in
strong magnetic fields."”* However, the observed slight
change in valence from 2.8 to 2.9 (Ref. 3) is at sharp vari-
ance with this model. To ascertain the microscopic picture of
the phase transition in Yb, sIny sCu, we undertook a study of
this material using electron spin resonance (ESR) and mea-
surements of the magnetic susceptibility. It is known that
ESR has been used successfully to study heavy fermions and
variable-valence compounds (see, for example, Refs. 5-8).

We investigated the temperature dependence of the line-
width AH(T) and the g-factor shift Ag(T) of paramagnetic
Gd** ions implanted in YbgsInysCu,.

It was discovered that at low temperatures there is an
intense source of spin relaxation, which practically precludes
the existence of the nonmagnetic divalent states of the ytter-
bium ions. At the same time, the ESR linewidth increases
with the temperature according to a Korringa law with a
large slope, which is characteristic of heavy-fermion
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FIG. 1. Temperature dependence ~of the static magnetic
susceptibility: O—undoped sample of Yb,singsCu, +-—sample of
(YbosIngs)ossGdooCu,. The solid line shows the dependence of x(T) in
(YbgsIngs)ogsGdoo,Cu, minus the susceptibility of the Gd** ions. The
dashed line shows the results of calculations using Eq. (3).

materials.®® Taking into account this fact, as well as the
above properties,>~* we proposed that at T< T, the system is
in a Kondo regime with a Kondo temperature Tk greatly
exceeding the crystal-field splitting A of the Yb ions. At
T=T, there is a transition from the state of a dense Kondo
lattice to a state with well defined localized magnetic mo-
ments for the Yb** ions. It is perfectly likely that the nature
of the phase transition has much in common with the mecha-
nism of Kondo volume collapse predicted by Allen and
Martin. '

To analyze the experimental data on AH(T) and
Ag(T) we used the expressions proposed by Coldea et al.’
for heavy-fermion systems. Good agreement with experi-
ment was obtained.

The values of the constants obtained from the analysis of
the experimental data, i.e., the Kondo temperature T, the
RKKY exchange integral Jy;_gq, and the spin correlation
rate 7~ ! of the Yb ions, were perfectly reasonable. Our re-
sults account for the behavior of the system over the entire
range of temperatures and confirm our proposed model.

2. EXPERIMENTAL METHOD AND RESULTS

The measurements of the static magnetic susceptibility
were performed at 1.5<7<300 K for two samples:
Ybg sIngsCu, with a residual content of gadolinium ions
equal to 0.01 at. % and a sample doped with 2 at. %
Gd**. Figure 1 presents the results of the investigation. Both
samples exhibit a sharp drop in the susceptibility at =40 K.
Our results are qualitatively consistent with the data in Refs.
1-4. The quantitative disparities are probably due to the
method used to prepare the samples. The sample containing
2% Gd exhibits a gradual increase in the static magnetic
susceptibility at low temperatures, which can be attributed to
the contribution of the Gd** ions.

The ESR measurements were performed on a Varian
E-101 spectrometer at 9.3 GHz in the temperature range
1.5<T<300 K. An Oxford Instruments continuous-flow He
cryostat was used for 7>4.2K, and an He cold-finger bath
cryostat was employed for T7<4.2 K. The measurements
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FIG. 2. Temperature dependence of the linewidth AH(T) for Yb, singsCu,
doped with 0.01 at. % Gd (@), 2 at. % Gd (A), and 5 at. % Gd (©). All
the curves have been normalized to a single residual linewidth at 7=0. The
solid line shows the results of calculations using Eq. (13).

were performed on three samples containing 0.01, 2, and 5
at. % Gd. All the samples were ground and dispersed in
paraffin oil. The experimental results are shown in Figs. 2-4.

It is noteworthy that the plots of the temperature depen-
dence of the linewidth AH(T) for all three samples coincide,
while the plots of Ag(T) differ significantly. The residual
linewidths for the samples with 2 at. % and 5 at. % Gd differ
by 100 Oe. However, in Fig. 2 we neglected this fact in order
to demonstrate the absence of a dependence of the plots of
AH(T) on the concentration of Gd** ions. The ESR line-
width increases linearly with the temperature below T, a
sharp increase in AH(T) is observed in the region of the
phase transition, and AH(T) achieves saturation above 7.
The phase transition is smoothed somewhat in comparison
with the picture observed when the magnetic susceptibility
was measured.

The measurements of the temperature dependence of the
g-factor showed that, unlike the plots of AH(T), the course
of Ag(T) is highly dependent on the concentration of
Gd** ions. Figure 3 shows that abrupt variation of the
g-factor is observed for the sample with 2 at. % Gd** in the
region of the phase transition at 7=60 K. The phase transi-
tion is blurred in the case of the sample with 5 at. % Gd**
(see Fig. 4). The linewidth is very large for T>T,, and the
error in the determination of the g factor is therefore strongly
increased.

3. ANALYSIS OF THE EXPERIMENTAL RESULTS
A. Static magnetic susceptibiiity

Figure 1 presents the results of the measurements of the
static magnetic susceptibility for two samples of

Al'tshuler et al. 734



g-factor
2.3 YT YT

™Y

22f .

FIG. 3. Temperature dependence of the g factor of Yby sIng sCu, doped with
2 at. % Gd. The solid line shows the results of calculations using Eq. (12).

Ybg 5sIny sCuy, an undoped sample and a sample containing
2% Gd. The observed disparity between the plots of x(T) is
clearly due to the contribution of the Gd** ions. This con-
tribution can be calculated from the formula

Nog*u}
Xcd—y—m—S(SH), (1)

where Ny is Avogadro’s number, wp is the Bohr magneton,
g is the spectroscopic splitting factor of the Gd** ion,
§=7/2 is the spin of the Gd** ion, and y is the atomic
fraction of the gadolinium atoms.

The calculation showed that the plots of the temperature
dependence of the magnetic susceptibility for the two
samples almost coincide, except in the region of the phase
transition (Fig. 1). The lowering of the maximum of x(T) for
the doped sample cannot be attributed to a simple change in

) 200 300
0 100 T,K

FIG. 4. Temperature dependence of the g-factor of Yb, sIng sCu, doped with
5 at. % Gd.
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the number of Yb atoms (by 2%). This finding is related to
the replacement of Yb** ions located at lattice sites by
Gd** ions. The ionic radius of Gd®>* is 10% greater than that
of Yb3* (0.938 and 0.858 A). It was shown in Ref. 3 that the
phase-transition temperature depends on the radius of the
impurity ion. The larger is its radius, the greater is the shift
of the phase-transition point toward higher temperatures.

This situation can also be interpreted as an effect of a
*‘negative pressure”’ on the phase transition.> Our evaluation
shows that the lattice deformation associated with the re-
placement of ytterbium ions by gadolinium ions displaces
the phase-transition temperature by 10 K, if only the first
coordination sphere is taken into account. The total perturbed
part of the doped sample is equal to mxy, where m =4 is the
coordination number of the Yb sites (we take into account
only the ytterbium ions) and x is the atomic fraction of the
ytterbium atoms. The electronic state of the Yb ions in the
perturbed volume clearly changes to Yb** at a higher tem-
perature than in the remainder of the sample, and the suscep-
tibility maximum at the phase transition should be lower than
in the undoped sample by ~mxy, in good agreement with
experiment.

As is seen from Fig. 1, for 7>50 K the susceptibility
increases with decreasing temperature, undergoes an abrupt
drop at T=T,, and at low temperatures is constant and equal
to x(7)=0.0042 emu/mole. This value is much greater than
the susceptibility usually observed in materials containing
divalent Yb?* ions. In addition, as has already been noted,
the valence of ytterbium scarcely varies at the phase-
transition point and is close to + 3. Therefore, we had to seek
another model for the phase transition, instead of the Felner—
Nowik model. The existence of a dense Kondo state with a
characteristic energy significantly greater than the crystal-
field splitting was postulated at low temperatures. Rajan'!
proposed an expression for the static susceptibility of a sys-
tem with $>1/2 in the Kondo regime:

Nov(v*—1)phe?

247kgTx @
Here v=2J+1 is the multiplicity of the Yb’* ions,
J=1/2, g;=8/7 for Yb’* ions, and x=0.0042 emu/mole
(Fig. 1).

Using (2), we can evaluate the Kondo temperature for
Yb, 5sIn; sCu, We obtained Tx~ 389 K. The total splitting of
the cubic crystal field for Yb, sIng sCu, is A~ 135 K (Ref. 1).
Thus, A<Ty. These evaluations support our proposed
model. If Tx>A holds, the static susceptibility x clearly
does not depend on the temperature below the phase-
transition point.

As the temperature rises, the system passes from the
highly correlated regime to a state with well defined, inde-
pendent localized magnetic moments for the Yb*>* ions. The
static magnetic susceptibility of the Yb*>* ions in the regime
of localized states (7>>50 K) is a sum of two components:

X=Xr*Xp (€)
where x, is the orientational part, which is associated with
the variation of the populations of the energy levels and
equals

X=X
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2(7/27) + 4(65/189)exp( — Eg / T) +2(3/T)exp(— E; I T)

Xr=Cor Z(T+9)

) (4)

and x,, is the polarization part of the same nature as the Van Vleck contribution
T 2(320/81)—4(3008/2835)exp(— Eg/T)—2(64/35)exp(—E;/T)

Xp=Co¥g Z(T+ ©)

Here Z = 2 + 4dexp( — Eg/T) + 2exp( — E;/T);
Co=Nog/(J+1)/3kp is the Curie constant of the Yb**
ions; O is the Curie—Weiss constant.

As is seen from (4) and (5), the splitting of the ground-
state octet of the Yb** ion by the cubic crystal field of the
Laves phase was taken into account in the calculations of
X- and x,, : the octet splits into a ground-state I' doublet, an
excited I'g quartet, and an upper I'; doublet. If A is the total
splitting, then Eg=3A/8 and F;=A (we assumed that the
energy of the lower I'¢ doublet equals zero, and the energy
levels are measured in temperature units). All the parameters
were taken from Ref. 1, i.e.,

E¢=0K, Eg=50K, E,=135k, ©=20K.

It is seen from Fig. 1, which presents the results of the cal-
culations, that good agreement with experiment was ob-
tained.

B. ESR measurements

As is seen from Figs. 2 and 3, ESR, like the other meth-
ods of investigation, ‘‘senses’’ the phase transition in
Yb, sIny sCu, A comparison of the temperature dependences
of the ESR characteristics and the static magnetic suscepti-
bility x in YbysIngsCu, reveals that the g-factor shift Ag
mimics the course of the magnetic susceptibility, but the fea-
ture in the temperature dependence of x corresponding to the
phase-transition point is shifted toward higher temperatures.

The ESR characteristics in metals are usually described
by the indirect exchange interaction of impurity ions with
lattice ions through conduction electrons (the RKKY inter-
action). Owing to the short-range character of RKKY ex-
change, the Gd and Yb ions experience only the influence of
their local environment. Thus, the deformation of the elec-
tronic shell of a Yb ion near a Gd ion has a far stronger
influence on the ESR characteristics than on the total static
susceptibility of the sample and is the cause of the apparent
displacement of the phase-transition point toward higher
temperatures.

Unlike the samples containing 2 at. % Gd, the picture of
the phase transition in Yby sInj sCu, doped with S at. % Gd is
blurred. One of the reasons for this is possibly the spatial
dispersion of the RKKY interaction. The resonant param-
eters, i.e, the g-factor and the spin relaxation rate of each
individual Gd ion, are determined by averaging the contribu-
tions of all the Yb ions located in its immediate vicinity.
When the concentration of Gd is increased from 2 to 5%, the
deformation of the crystal lattice increases. The g-factor shift
is determined by the first moment of the line shape, and
AH is determined by the second moment; therefore Ag is
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. (5)

r

more sensitive to variation of the mean distance between the
deformed volumes than is AH. A more detailed RKKY
theory, which takes into account the spatial dispersion and
the influence of the mean distances between the Gd** and
Yb** and between the Gd** and Gd** ions, is needed for
quantitative evaluations.

The ESR linewidth AH reflects the temperature depen-
dence of the product kgTy;, i.e., a linear behavior is observed
when y does not depend on the temperature, and a tendency
to achieve saturation is observed when the static susceptibil-
ity follows Curie’s law.

The values of AH(T) and Ag(T) are usually described
by two types of interactions: RKKY exchange and, when
there is a linear dependence of AH(T), the Korringa relax-
ation mechanism. Let us consider both types of interactions.
The spin of a Gd** ion interacts with conduction electrons
by direct exchange and with Yb ions by means of RKKY
coupling:

H=; JOSO'k+Z S-S ga-vu(Ri), (6)

where S is the spin of the Gd*>* ion, oy is the spin of the
conduction electron, Sy is the spin of the Yb ion, Jj is the
exchange integral of Gd>* ions with conduction electrons,
I' ga-vu(R;) is the effective RKKY exchange constant of Gd
and YD ions separated by a distance R;, and the summation
is carried out over k conduction electrons and i Yb ions. In
the free-electron model, the effective exchange constant
equals

I'Ga-yo(Ry) = —3mzJ oJ N(EF)F(2kgR), M

where z is the number of electrons in the atom, J is the
exchange integral for the interaction of the Yb ions with the
conduction electrons, F(2krR)= cos(2kzR)/R? is the oscilla-
tory RKKY function, and N(Ef) is the electronic density of
states at the Fermi level. We denote this expression by

12
= Z I Ga-yo(Ri) "‘( Z Féd—Yb(Ri)) ,

and this constant of the exchange integral will be determined
experimentally.

When the spin relaxation rate is calculated, the first term
leads to the familiar Korringa mechanism, while the second
term leads to renormalized exchange of the paramagnetic
Gd** and Yb>* ions. Both mechanisms were considered by
Coldea et al..” in their ESR study of Y,_,Ce,Al, (see also
Ref. 8). However, the expression derived by Coldea et al. for
the RKKY relaxation rate must be modified slightly for our
case. First, the splitting of the octet of the Yb** ion into a

Altshuler et al. 736



lower I'¢ doublet, an excited I'g quartet, and an upper I';
doublet by the cubic crystal field must be taken into account.
Second, the interaction of the Gd ions with Yb ions should
be represented as the product J-S:

Hggxy= (851 )2.‘ J-STga-vv(R)). (8)

Using the expressions of Coldea et al., we obtain

Ag=JoN(Ep)+ 2~ —fE Tavo(R:), ©)

(gs—1)2 2kgT
AH(T)= AHk+—fg}— ”her ch-Yb(R,)

(10)
m(JoN(EF))*ksT

AHy= s
K EMB

(1n

where 7 is the spin relaxation time of the Yb ions and y is
the magnetic susceptibility of the Yb ions with consideration
of x, i.e., their fraction in the lattice. The spin relaxation of
the Yb ions describes the interaction of the fluctuating spin
with the conduction electrons. The fluctuations occur with a
high frequency and result in narrowing of the line.

The temperature dependences of the ESR linewidth and
the g factor were calculated using Egs. (9)—(11). However, it
turned out that it is impossible to achieve agreement with
experiment. Two difficulties arose. First, as we have already
mentioned, the linear dependence of the linewidth is usually
attributed to the Korringa mechanism. If this tradition is fol-
lowed and JoN(Ef), which is sometimes called the Kondo
coupling constant, is evaluated from the Korringa slope
AH(T)/T=B=12.5 G/K, we obtain 0.023. The value from
the ESR shift is Ag=0.045, i.e., it is two times greater.
Second, a more serious difficulty arises when an attempt is
made to extrapolate the linear dependence of the linewidth to
high temperatures. At high temperatures the extrapolated line
intersects the experimental curve, i.e., the real relaxation rate
is significantly smaller than the Korringa rate. Therefore, it
must be assumed that the value of the Korringa exchange
integral J, is small and the linewidth is determined com-
pletely by the RKKY interaction. It is possible that the Ko-
rringa mechanism is weak because of the low normal (unen-
hanced) density of states of the conduction electrons.

In fact, the measurements of the specific heat performed
in Ref. 3 on Yby4Iny¢Cu, and the isomorphous compound
Lug 4Ing ¢Cu, showed that the value of the density of states
due to the light s band is 100 times smaller in Lug 4Iny ¢Cu,
than in Yby4Iny cCu, where the density of states is deter-
mined by the f electrons. Hence, the normal density of states
can be considered vanishingly small, and the Korringa con-
tribution to the relaxation rate and to the g-factor can be
neglected. As a result, only the second terms are left in Egs.
(9) and (10). Thus, the following expressions are used to
describe the g-factor and the ESR linewidth

g1 1 xxF

(12)
8f MB

Ag=
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FIG. 5. Temperature dependence of the spin relaxation rate 7! of the
Yb®* ions in YbysIngsCu, doped with 2 at. % Gd obtained from measure-
ments the linewidth.
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We stress, however, that the physical meaning of the mag-
netic susceptibility appearing in Egs. (12) and (13) is signifi-
cantly different.

Above the phase-transition point the Yb>* ions form a
system of almost independent localized magnetic moments.
According to Sugawara,'? the relaxation of the spins of dop-
ant ions in such a material is determined by fluctuations as-
sociated only with the orientational part of the susceptibility
(4), while the g factor is described by the total static suscep-
tibility (3), including the Van Vleck part.

From the large values of x(0) and y(0), it can be pos-
tulated that below the phase-transition point, i.e., in the
ground state, the Yb3* ions form a dense Kondo lattice. In
this state the spins of the ions are completely shielded by the
conduction electrons. The magnetic susceptibility of a dense
Kondo state is temperature-independent and is specified by
(2), and the same value of y(0) appears in (12) and (13). It
is noteworthy that Eq. (13) practically coincides with the
results reported by Cox,'? who calculated the relaxation rate
of the magnetic moments of ions in a heavy-fermion mate-
rial.

The formulas (12) and (13) are attractive, because they
contain only two unknowns, which can be determined ex-
perimentally from the values of the ESR linewidth and the
g-factor shift: I’ and 7. They were adjusted so as to obtain
the best agreement with experiment.

The results of the calculations are represented by the
solid lines in Figs. 2 and 3 for high and low temperatures. A
reasonable value was obtained for the RKKY exchange inte-
gral: '=2.9 meV.

Figure 5 presents the temperature dependence of the spin
relaxation rate. At high temperatures 7~ ! is weakly depen-
dent on the temperature. The value at low T,
7 1=1x10"18 — 3x10718 571, is of the order of the rate
of the fluctuations found in other heavy-fermion materials.
An evaluation of the Kondo temperature gives

=h/7=18.1 meV=210 K. As expected, this value is
greater than the splitting by the cubic field (A =135 K).

As we have already mentioned, Rajan'! calculated the
temperature dependence of the static magnetic susceptibility

AH= (13)
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for a Kondo system with an arbitrary spin J. For J>1/2 the
plot of x(T) has a maximum at 7,,=0.2T % . It is noteworthy
that this temperature is close to the phase-transition point
T,,~T,~40-50 K. This may not be a coincidence, and, per-
haps, the increase in the susceptibility stimulates the phase
transition.

Finally, let us examine the question of the nature of the
first-order phase transition in YbysIngsCu, Although the
Felner—-Nowik model, which is based on the variation of the
valence of the Yb ions, provides a satisfactory description of
many properties of this material, we believe that the ap-
proach based on the conception of a Kondo lattice in the
low-temperature phase is preferable.

The following arguments can be brought to support our
position:

1. The value of Tx which we obtained is considerably
greater than the effective s—f hybridization temperature
T;=5 K in the Felner-Nowik model. This is inconsistent
with the hypothesis that the phase transition is accompanied
by a significant change in the valence of the ytterbium ions.
In fact, the x-ray measurements in Ref. 3, showed that the
phase transition is accompanied by only a slight change in
valence (from 2.8 below the phase transition to 2.9 above it).

2. To interpret our ESR data, we postulated that
Yb, sIny sCu, is a heavy-fermion system. Evidence that the
model which we have chosen is correct is provided by the
good agreement between the calculations and experiment
both below and above the phase-transition point. The linear
dependence of AH(T) at low temperatures, which is caused
by renormalized Korringa relaxation, attests to the existence
of a Kondo state in this temperature range. It should be
stressed that both of the constants which we obtained, i.e.,
the RKKY exchange integral J4_y;, and the spin relaxation
rate 7~ !, have perfectly satisfactory numerical values.

3. The appreciable increase in the relaxation rate 7!
below the phase-transition point indicates an increase in the
Kondo correlations.

The mechanism of the phase transition in mixed-valence
and heavy-fermion systems was discussed by Chandran
et al.'* There are two possibilities: a dependence of the vol-
ume on the position of the f level (measured from the Fermi
energy) and a dependence of the volume on the Kondo cou-
pling constant, i.e., on the electronic density of states (in this
case the positive feedback is observed owing to the nonlinear
dependence of the Kondo temperature and the Kondo energy
on the coupling constant).

It was shown that the first possibility leads to a mixed-
valence state and a phase transition with a large change in
valence, i.e., to the Felner—Nowik model. The second possi-
bility leads to Kondo volume collapse similar to the phase
transition in Ce previously considered by Allen and Martin.
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We believe that the phase transition in YbgsIng sCu, takes
place by just this mechanism.

4. CONCLUSIONS

The static magnetic susceptibility, the ESR linewidth,
and the g-factor of Gd>* ions in the intermetallic compound
Yb, sIny sCu, have been measured both below and above the
phase-transition point. The relaxation rate is determined
mainly by the interaction between the Gd and Yb ions.

Our results attest to the many-particle nature of the
ground state of Yb sIny sCu, at low temperatures. It exists in
the form of a dense Kondo lattice of Yb** ions, which
causes renormalized Korringa relaxation. At high tempera-
tures the system passes into a state with well defined local-
ized magnetic moments for the Yb** ions and is described
by an RKKY interaction. It may therefore be postulated that
the phase transition in YbgsIngsCu, has much in common
with the well known a—v transition in metallic cerium and
takes place owing to the Kondo volume collapse predicted
by Allen and Martin.
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