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We present experiments and model calculations concerning the metamagnetic transition in
CeRu,Si,. Our sound velocity, sound attenuation (down to 60 mK), and ac magnetic susceptibility
measurements (down to 20 mK) all show strong anomalies near the critical magnetic field of this
transition. We can account for this behavior using scaling arguments and a more microscopic mod-

el based on the Kondo volume collapse.

INTRODUCTION

The normal state of heavy-fermion systems has been
studied using many different experimental methods. An
interesting question is how this state can be broken up by
applying a pressure or a magnetic field. In the latter case
the breaking up of the heavy-fermion ground state mani-
fests itself as a metamagnetic transition, meaning a peak
in the magnetic susceptibility. This has been observed in
CeRu,Si, at B,=7.8 T, in UPt; at B.,=21 T, and
URu,Si, at B,=36 T. For a review on CeRu,Si,, see Ref.
1.

The metamagnetic transition in CeRu,Si, has been fur-
ther characterized by magnetization,? magnetoresistivi-
ty,2 magnetostriction, thermal-expansion,3 and sound-
wave experiments.* Here we show that the susceptibility
peak is very large but finite down to 20 mK. This mag-
netic anomaly is accompanied by a very large longitudi-
nal elastic constant softening of up to 50% at 60 mK.

The metamagnetic transition is due to an at least par-
tial breakup of the heavy-fermion ground state. Mecha-
nisms proposing an explanation include crystal electric-
field level crossing in an effective internal field, magnetic
interactions giving rise to renormalized M (B) curves, or
the so-called Kondo volume collapse, which is based on
the large volume dependence of the Kondo temperature
Ty due to large Griineisen parameters. Expanding the
volume of the unit cell, e.g., by applying a magnetic field,
causes a narrowing of the quasiparticle band at the Fermi
energy. For B > B, the heavy-fermion ground state is go-
ing to be destroyed, leading to either naked 4f moments
or a mixed-valence system.

The Kondo volume-collapse mechanism as developed
in Ref. 5 offers a qualitively correct picture of the
metamagnetic transition in CeRu,Si, as far as magnetos-
triction, magnetization, and magnetic susceptibility are
concerned, i.e., it predicts a B, characterized by a peak in
the susceptibility and magnetostriction coefficient. How-
ever, although the author realizes that at the same time
the lattice must be near a mechanical instability, in his
version of the model there is no direct connection be-
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tween the susceptibility peak and the softening of the
elastic constant. In this paper we propose an extension of
the Kondo volume-collapse model which accounts for
both the susceptibility peak and the strong sound-wave
softening at the metamagnetic transition. We start
presenting our experimental results on magnetic suscepti-
bility and sound-wave propagation at very low tempera-
tures. We discuss these results at first from the viewpoint
of a scaling approach® and afterwards within the frame-
work of the modified Kondo volume-collapse model.

EXPERIMENTS ON CeRu,Si,

Results on sound-velocity changes and ultrasonic at-
tenuation at 7=1.3 and 4.2 K have been given before
Ref. 4. In Fig. 1 we show elastic constant results for the
longitudinal ¢, (sound-wave vector q|la axis) and cj;
(q|c axis) modes as a function of magnetic field B applied
parallel to the tetragonal c¢ axis and perpendicular to it.
It is found that the strong sound-wave softening for both
modes occurs only for B||c. These results, together with
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FIG. 1. Elastic constant change Ac/c, as a function of mag-
netic field B for the longitudinal modes c;, (with B|c and Bj|a)
and Ci3 (with BHC) at 42 K.
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the weak-field dependence of the transverse modes (which
are volume conserving), are a beautiful demonstration of
the Griineisen parameter coupling.® The Griineisen pa-
rameter coupling is a special case of the deformation po-
tential coupling describing the strong volume dependence
of the characteristic energy scales of the heavy-fermion
state. Departing from a scaling ansatz for the appropri-
ate thermodynamic potential as a function of T /T, and
B /B, one can derive the following results for the change
of the longitudinal elastic constants ¢,; and c;; (noted
collectively with Ac; ), see Refs. 6 and 7:

ACL:"‘Q%‘kBTK (la)
total effect going from T =Ty to T =0 in zero field.
Ac; =—Q%3B%x,,(B) (1b)

in an external magnetic field B.

Qp=—(1/B.)N6B_ /8€;), Qr=—(1/Tx)8Tx/8€;)
are the Griineisen parameters, €; is the longitudinal elas-
tic strain (€, and €,, for ¢, and c;;, respectively), Ty is
the Kondo temperature and ,, =8M /8B, (M is the mag-
netization) is the magnetic susceptibility. In Eq. (1a) we
have substituted kpTy for the internal energy U. In
Refs. 6 and 7 it is shown that U = deT (where C is the
specific heat) is a better approximation. However, for the
sake of comparison with our equations below we use Eq.
(1a) in its present form.

In principle Qp and Q; are different, but theoretically
it has been shown® that for heavy-fermion systems
Qp=0Q;. Also experimentally the two have the same nu-
merical value, and for the purpose of this paper we con-
sider them equal. To account for the observed strong an-
isotropy, we do use different uniaxial Griineisen parame-
ters 0, and Q. for the ¢,; and c3;, modes, respectively.
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As starting value ¢, of an elastic constant we take its
value without Kondo contributions, in practice the value
at T~25 K and B =0 for CeRu,Si,. Within this formal-
ism one can very effectively describe and interrelate not
only elastic constants and magnetic susceptibility but also
thermal expansion, specific heat and magnetostriction. >’

In Fig. 2 we show magnetic susceptibility and elastic
constant of CeRu,Si, at 160 mK versus external magnetic
field B. In all cases B is parailel to the ¢ axis, which is the
configuration giving the largest effects for susceptibility
and for sound-wave softening as well. Figure 3 gives re-
sults for the peak height of the magnetic susceptibility at
B =B, and the corresponding minimum elastic constants
¢,; and c,; also at B=B_ as a function of temperature.
It is seen that all curves flatten towards lower tempera-
ture, indicating that neither the susceptibility ¥,, nor the
softening of ¢, or c;; increase indefinitely. But note that
the total amount of softening for c;; from B =0 to B,
reaches 50% at 60 mK! Having observed such a pro-
nounced metamagnetic transition and this strong sound-
wave softening one has to look into the possibility of at
least a precursor of a phase transition. Nevertheless Eq.
(1) can account for this result very nicely with only slight-
ly temperature-dependent  Griineisen  parameters
Q, =110, Q, =140 down to the lowest temperatures mea-
sured. This means that a transition to, e.g., a fluctuating
valence state (which should have a much smaller
Griineisen parameter) is not likely.

The temperature dependence of the extrema of x,, as
well as of ¢,; and c;; at B, can be phenomenologically
fitted below 10 K to a temperature dependence propor-
tional to log,o(7 +2 K/10 K). The 10 K in the denomi-
nator indicates the temperature limit above which the
metamagnetic transition becomes very weak. The physi-
cal meaning of the 2 K is unclear at the moment: From
absolute sound-velocity measurements we noticed that 2
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FIG. 2. Measured change of the longitudinal elastic constant c3; and of the magnetic susceptibility x,, with B|lc at T=160 mK vs

B.
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FIG. 3. Temperature dependence of the peak height of y,, and the maximum softening of c3; and ¢, at B, and B||c.

K is the temperature below which the softening of c3;
near B, becomes so strong that c3; crosses the slower
transverse mode c¢44. This causes additional structure in
the field dependences (near B,) of both c3; and ¢4y (not
shown). The ¢, anomaly has been discussed more fully
elsewhere.”® However, the crossing of c;; and c,, does
not seem to be the direct reason for the flattening of ¢,
towards lower temperatures. This must be concluded
from the similar flattening behavior of ¢, (see Fig. 3), ¢,
being far from crossing any mode at any field value.

Thermal expansion measurements'® in fields exhibit an
extremum in the thermal expansion coefficient as a func-
tion of temperature and a sign reversal of this extremum
at B.. This effect is difficult to relate to our measure-
ments and we do not have any explanation yet. For the
three samples we used for our experiments we observed
the same flattening displayed in Fig. 3.

Additionally to the sound-wave softening around B,
one observes a pronounced peak in the ultrasonic at-
tenuation, which can be described with a Landau-
Khalatnikov mechanism.* This enables one to obtain a
relaxation time 7, which seems to be a spin-fluctuation re-
laxation time as it is proportional to the magnetic suscep-
tibility and very slow (of the order of 10~° sec) compared
to usual electronic relaxation rates.

THEORETICAL CONSIDERATIONS

Our results for the metamagnetic transition in
CeRu,Si, indicate that the softening of the longitudinal
modes and the susceptibility peak near B, are closely in-
tertwined and therefore a theory for this transition
should account for both of them. In the following we will
discuss the proposed mechanisms for the metamagnetic
transition, and we will show that it is possible to con-
struct a Kondo volume-collapse model, which fulfills the

above-mentioned condition.

The crossing of the crystal-field levels in an internal
field can be excluded because the smallest crystal-field
splitting is of the order of 200 K.” The internal field
necessary to make a crossing at B, =8 T had to be of the
order of 50 T or more, enough to induce a ferromagnetic
phase transition.

Another mechanism based on magnetic interactions'!
cannot be checked very easily because the coupling con-
stants are not known. In addition all the experiments in-
volving strong volume dependences cannot be explained
with this mechanism without further assumptions.

Recently a model for the metamagnetic transition in
heavy-fermion compounds based on the so-called Kondo
volume-collapse mechanism'? was proposed.’ The au-
thor shows that the relevant part of the effective f-
electron energy at zero temperature can be written as

E;=—[(kgTg P+ (upBg)?1"?, )
where kjp is the Boltzmann constant, Ty is the Kondo
temperature, pup is the Bohr magneton and
Bgs=B +JM /u}. M is the magnetization, J is a mea-
sure for the strength of a postulated ferromagnetic in-
teraction which is indispensable in the version of Ref. 5
in order to produce an appreciable susceptibility peak.
The g factor of the electrons we assume to have the value
2. The volume dependence of E; comes mainly from the
volume dependence of T, which can be expressed as
Ty =Toe € since Q= —8In(Ty)/8e€.

This form for E, describes correctly the screening of
the magnetic moments in the Kondo state: The magneti-
zation of M = —8E, /3B is zero for T =0 and B =0, and
regains its full value of 1up per f atom only at high fields
(ugB > kpTg). The effect of finite temperatures is not in-
cluded, but raising the temperature should likewise undo
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the quenching of the magnetic moments. However, this
form of E, alone does not give any pronounced peak in
the magnetic susceptibility nor in the softening of the
elastic constants.

To remedy this, one has to consider the equilibrium of
forces inside the crystal. In Ref. 5 this is done by using
the simple algebraic relations between the first derivatives
of E, with respect to € and B. Assuming an elastic ener-
gy, which contains only linear and quadratic terms in €,
the author of Ref. 5 reaches the conclusion that the elas-
tic constant which figures in his equilibrium equation is
the background elastic constant c,, independent of defor-
mation or magnetic field. However, taking the strong
softening of the elastic constant at face value, one can
very well argue that higher (> 2) order terms in the elas-
tic energy must be taken into account. These higher-
order contributions, as well as the linear one which is re-
sponsible for the Kondo volume collapse originate from
the Tye ~ € term in E,.

To circumvent this problem, we approach the effect
from the other side: First we calculate the elastic con-
stants, and then we use Hookes Law to evaluate the
forces.

The change of the elastic constant due to E, is
Acy =82Ef /8%, . The second derivative of E, with
respect to the effective field B 4 we call the effective sus-
ceptibility: x.=0M /8B 4. Comparing first and second
differential derivatives of Eq. (2) with respect to € and B4
one can express the change of the longitudinal elastic
constants due to E as

Ay =—Q[(kp /up)Tg +2Beg Wer - 3)

The total elastic constant is again ¢; =cy+Ac;. For
B =0, Eq. (3) reproduces the result of Eq. (la). The
field-dependent part is very similar to Eq. (1b), which al-
together is quite satisfying.

The first derivative of E, with respect to the deforma-
tion, 8E ’ /8¢, represents the internal force in the crystal
responsible for the large thermal expansion and magne-
tostriction of CeRu,Si,. This force is balanced by the
elastic forces of the lattice: —8E, /8¢, = chdeL. We
have to use the integral form of Hookes law, because
¢; =cyt+Ac; depends on €. Using this formula with Ac;
given either by Eq. (1a) or Eq. (3) we can calculate the to-
tal effect in the thermal expansion between 7T =0 K and
T =Tk in zero field as cye,=QkpT. Since for the mo-
ment we are interested in the field-induced reversal of this
Kondo volume collapse, we take €, as our new origin and
write the equilibrium condition as follows:

_ 8E;

Se;,

=coleg—€)+ fEZ(AcL—AcL(BZO,)de 4)

with Ac; given by Eq. (3).
Using the equilibrium condition one gets equations for
the magnetization M and external magnetic field B:
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M=pp [1—e20 | —2 , 5
B |17 |k, T ®
. kgTy e 0¢

) (6)

—J
pp | [1—=(M/pp)?]?
where p is the right-hand side of the equilibrium condi-
tion Eq. (4),

p=coleg—€)+ fEZ[AcL —Ac, (B=0)]de

and j=J/kgT, is the renormalized ferromagnetic ex-
change constant. Equation (6) incorporates the relation
between the externally applied field B and the effective
field B, introduced below Eq. (2), B =B.—JM /u}.

If one puts p =cy(ey—e), Egs. (5) and (6) above are
equivalent to Egs. (1) and (2) of Ref. 5. A numerical solu-
tion for M and € as functions of B from these equations
gives the salient features of the effect, as shown in Ref. 5:
a step in the magnetization at B, and maxima in magnet-
ic susceptibility and magnetostriction. However, some of
the parameters that are needed to fit experimental values
of the magnetization and of B, are quite different from
accepted values for CeRu,Si,, notably Tx =50 K instead
of =20 K, Q,.=500 instead of =~140 and a relatively
high j of 0.7. The main objection as seen from our side,
however, is that the elastic constant is assumed constant.

Now we remove this constraint by taking Eq. (3) to cal-
culate ¢; . Using Eqgs. (3)-(6) one can simultaneously cal-
culate M, x,,, €, and ¢; as a function of B. In Fig. 4 we
give results of such a calculation for y,,(B) and c;;(B).
The parameters used in this calculation are
Ty=Tg(e=0)=20K, Q,=150, j =0.38, and ¢, (for the
¢33 mode)=1.2X10"? erg/cm®. These values are much
closer to generally accepted ones for CeRu,Si,. It should
be noted that so far neither ferromagnetic short-range
nor long-range (j =1) correlations have been found from
inelastic neutron scattering experiments in this com-
pound.'® The model as shown in Fig. 4 now produces
both a maximum in the susceptibility and a minimum in
the elastic constant of the right magnitude. Moreover,
we obtain a B, of 7.8 T as observed with more realistic
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FIG. 4. Elastic constant ¢;; and magnetic susceptibility X,
for T=0 K as a function of B (with B||c) calculated from Eqgs.
(3)-(6). To=Tx(e=0)=20K, Q,.=150, and j =0.38.
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values for Ty, Q, and j. Even with j =0 (all other pa-
rameters unchanged), one gets strong softening of the
elastic constant and a peak in the susceptibility at a B, of
11 T. This means that in our model the driving force for
the metamagnetic instability is the large Griineisen pa-
rameter coupling leading to the strong sound-wave
softening. An experimental feature not well reproduced
by the model is the width of the susceptibility and elastic
constant anomalies (see Figs. 2 and 4). To improve this,
one probably needs an expression for the electronic free
energy which goes beyond the mean-field result of Eq. (2).

In conclusion, we have presented data for the magnetic
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susceptibility x,, and of the longitudinal elastic constants
¢,; and c;; for fields up to 10 T and temperatures down
to 20 mK. We have shown that both quantities exhibit
large anomalies at the metamagnetic transition B, ~8 T.
We can describe these results satisfactorily with a scaling
Ansatz, and in more detail with a Kondo volume-collapse
model.
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