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Abstract. We have measured the magnetizatidiiH) of the heavy-fermion antiferromagnet
UPdAl3, and found that the inverse of the gradient of the linear platéfagainstd /M, g(T), is
negative at low temperatures. As temperature is rajgdt), shows a rapid increase and approaches
zero at aroundmax, at which temperature the magnetic susceptibjity”) exhibits a maximum.

An analysis of the metamagnetic-like magnetization curves observed for high magnetic fields shows
aconsistenttemperature dependence of the relevant coefficient. We have regarded thegi&gative

as an indication of a negative mode—mode coupling, and on the basis of this assumption we have
given a possible explanation for the temperature dependeng€lof showing a crossover from

the low-temperature itinerant-electron regime to the high-temperature localized-electron regime.

1. Introduction

UPdAI; is a well-known heavy-fermion superconductor with a hexagonal crystal structure
(P6/mmm) in which an antiferromagnetic ordered stat® (= 14.3 K) coexists with
superconductivity below a transition temperatilire= 2 K [1]. The following characteristic
features have been revealed so far:

(a) A large discontinuity in the heat capacity &t suggests that the superconductivity is
carried by heavy quasiparticles.

(b) Polarized neutron scattering measurements indicate that magnetic moments reside only
on uranium sites [2].

(c) High-resolution photoemission [3] and de Haas—van Alphen (dHVA) effect [4] experiments
in conjunction with band-structure calculations [5] show 5f electrons to form a band state.

(d) However, a recent inelastic neutron scattering investigation suggests the coexistence of
less-delocalized 5f states with well-delocalized 5f states, i.e., duality of the itinerant and
localized natures of 5f electrons [6-8].

It is interesting to note that quasielastic spin fluctuations in a magnetic response in the normal
state, which change into an inelastic response b&loi8, 9], probably mediate an attractive
pairing interaction of superconductivity [10].

On the other hand, remarkably anisotropic magnetic susceptibiliti#s seemed to be
explained by a crystal-field model such as that of a 4f-electron systemy{1T).in an external
magnetic field applied within an easy hexaganplane increases with rising temperature and
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exhibits a maximum at arounfi,x >~ 37 K, and then it obeys a Curie-Weiss law above a
characteristic temperature Bf ~ 70—-100 K with an effective moment corresponding to that

of a free ion of 5¢ or 5f2 configuration [12]. In this localized-moment model, the appearance

of the maximum iny (T) is ascribed to the crystal-field singlet ground state. It is noted
here that the observation of the Curie-Weiss law at high temperatures is consistent with the
temperature dependence of the nuclear spin—lattice relaxatidh mratthe?’Al nucleus which

is independent of temperature abd@e{13].

It may be accepted that the itinerant- and localized-electron pictures are good approx-
imations at low and high temperatures, respectively. Therefore, the problem to be addressed
now is how we describe the crossover between these two states. If we consider a 4f-electron
system, then we can ascribe it to the Kondo effect: at low temperatures a localized moment is
screened by ‘Kondo clouds'’ to form a singlet ground state, and physical properties gu@h as
may be understood on the basis of Fermi liquid theory. As temperature is increased, thermal
fluctuations may sweep away the Kondo clouds, and then at temperatures much higher than the
Kondo temperature the localized moment may appear. In this case we would usually observe
sharp energy levels split by crystal electric fields. For &g, however, no crystal-field
transition was detected by an inelastic neutron scattering investigation—at least for an energy
transfer less than about 50 meV [14]. Thus, it may be necessary to propose an alternative
model which does not assume the existence of sharp energy levels to describe the temperature
dependence of (T'). This may be related to a more general problem concerning the difference
between cerium and uranium compounds—in other words, it may be appropriate to say that in
a uranium system even the origin of the heavy masses is a completely open problem, because
they may hardly be ascribed to the Kondo effect, due to the strong hybridizations of 5f wave
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Figure 1. The magnetization foH || a-axis in a plot ofM? againstH /M, at a fixed temperature.
The intersection of the solid line with the horizontal axis correspondg x@71), and the slope is
1/g(T), in each case. Note thatT) is negative at low temperatures.



Possible negative mode—mode coupling in Lig 3407

functions in contrast to the weak hybridizations of 4f wave functions [15].

In the present paper, we will give the experimental results of detailed magnetization
measurements up to 230 kOe, and we wish to give a possible interpretation for the crossover
based on the results obtained.

2. Experimental results and analysis

Single-crystalline samples were prepared by the Czochralski pulling method using a tri-arc
furnace, and a detailed description has been given elsewhere [16,17]. The magnetization
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Figure 2. (a) The temperature dependence of the inverse susceptibility, correspondif) o
equation (1).x (T) exhibits a maximum at arourifihax =~ 37 K, and follows a Curie-Weiss law
aboveTr ~ 70 K. (b) Closed circles indicatg(T) obtained from the inverse of the slope of the
low-field M (H) given in figure 1, and open squares indicat&) obtained from the analysis of
the high-field data given in figure 3. We note tlgdf") shows a strong temperature dependence
below Tmax.
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measurements for the region wheéife< 50 kOe were made by using a commercial SQUID
magnetometer (Cryomagnetics), and those in high fields up to 230 kOe were performed by an
induction method in a hybrid magnet at the Institute for Materials Research, Tohoku University.
For both cases, external magnetic fields were applied along the crystallogtagkie

Figure 1 shows the low-field isothermal magnetizatdéH ) (H < 50 kOe) in the para-
magnetic phase as a plot bf? againstH /M at a fixed temperature—a so-called Arrott plot.
A linear dependence may be observed, as denoted by solid lines, except in a region of very low
magnetic fields, where the deviation from the linearity is possibly ascribable to magnetic fields
trapped in a superconducting magnet. This proportionality observed at low temperatures (in the
paramagnetic state) may suggest that in a free-energy expansion in terms of the magnetization
M (see equation (1)) the first two terms alone are sufficient for reproducing the experiment in
the magnetic field region concerned:

AFM.T) = ~a(mM? + omym*+ Lemymd+. .. (1)
T 5 4% 6

where one may observe from a simple calculation th@t) is equal to Xx(T). In fact,

we found it to be consistent with the reported results)fof) [11], as will be shown later.
Experimentally, the coefficients(T) and g(T) are obtained from the intersections of the
solid lines with the horizontal axis and the inverse slopes of the lines, respectively. From the
measurements of th® (H) curve at each temperature, we get thelependences of these
parameters, and the results are shown by closed circles in figure 2. One may observe that a
minimum appears in the curve representin@) = 1/x(T) at aroundlax >~ 37 K. Itis
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Figure 3. Magnetization curves at several temperatures in the paramagnetic phase near a
metamagnetic transition fiel;. Solid curves represent fitted curves, which include contributions

up to theM8-term in equation (2), whereas the broken curvelfe 4.2 K (in the antiferromagnetic
phase) is a guide to the eye.
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quite interesting to note that the coefficign) is negative, increases rapidly with warming,
approaches zero at aroufighy, and remains close to zero abdfg,x. These are new findings
and are the most important results in the present paper.

High-field magnetization curves up to 230 kOe at several temperatures are shown in
figure 3. At 4.2 K we observe a sharp metamagnetic transitioH.at~ 185 kOe with a
very small hysteresis less than 1 kOe, which is another characteristic g AUHA8]. As
temperature is raised, the transition becomes broadened, and then 58-14 K (< Ty) only
an ‘S-shaped’ curvature is left (not shown here). We stress that, as can be seen in figure 3, the
S-shaped feature apparently survives to temperatures dRdvelmax), as previously pointed
out by Oda and co-workers (including some of the present authors) [18].

A least-squares fitting of the high-field magnetization data to equation (2) also yields a
negative value fog(7) andac/g? = 0.78 atT = 15K:

% =a(T)+g(T)M?+c(T)M*+- ... 2

As temperature is raised, the absolute valugg@f) is reduced and the value af/g?
approaches unity. This temperature dependence, denoted by open squares, seems to coincide
with that deduced from the low-field magnetization data (closed circles), althgUgh
estimated from the high-field data seems to show a relatively rapid increase.

The experimental results f@(7T) ~ 0 aboveTya imply that there is no trace of the S-
shaped feature id (H) there. Therefore one can see that the appearance of the metamagnetic
feature correlates well witli,o«. In fact, such a correlation has often been suggested, esp-
ecially for CeRuySi, [19], a prototypical metamagnet, but we consider that the present data
incontrovertibly demonstrate the relation between the metamagnetism and the maximum in
x (T) for UPdAI 3.

3. Discussion

In this section, we discuss a possible interpretation for the experimental results obtained
in the present investigation. First, let us consider the localized-moment model, which was
introduced by Grauel and co-workers (including some of the present authors again) to explain
the anisotropic temperature dependence of the magnetic susceptibility. It was pointed out
by Satoet al that the metamagnetic jump &t might be explainable using the crystal-field
model [20]. However, the present experimental results shown in figure 2 are qualitatively
incompatible with the crystal-field model, which takes no account of any interactions between
uranium moments: in the crystal-field model the magnetization at absolute zero temperature is
linear in the external magnetic field beld#, reflecting theH?-dependence of the magnetic
energy of the singlet ground state, and at finite temperatur@g) may show an S-shaped
curvature because the magnetic excited states are mixed into the non-magnetic ground state.
This temperature dependence is opposite to that observgdffor Furthermore, the inelastic
neutron scattering measurements made by Krinehaldid notshow any sharp crystal-field-
level splitting, implying that the crystal-field scheme loses its background. A gap energy of
the spin waves was estimated hiyllBw et al on the basis of the same crystal-field model [21],
although a major part of their paper has nothing to do with the crystal-field model, and the
estimated gap energy seems not to be in quantitative agreement with that directly obtained by
recent inelastic neutron scattering measurements [6—8]. As far as we are aware, there are no
experimental results that support the crystal-field model consistently.

One could consider the antiferromagnetic correlations to be responsible for both the
appearance of the maximumyri7') and the metamagnetism. Inthis model, at oat low H)
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the uniform magnetic susceptibility may be suppressed by the antiferromagnetic correlations,
and increasing the temperature (external magnetic fields) may destroy the correlation, yielding
an increase of the magnetic susceptibility. However, as long as one confines consideration
to within the framework of the localized-electron model, i.e., witfixed sizeof magnetic
moment, one cannot explain the experimental observation that thé Istaggered moment,
0.85ug, is only a quarter of that deduced from the hiffiCurie—-Weiss law, 3.5z, or the
fact that the staggered moment is nearly half the magnetization just @&hoteb pug/U.

The most important physical implication is, we believe, that the system is in the Fermi
liquid regime: in figure 2(a) we assidh, below whichy (T') deviates from the Curie—\Weiss
law and the Korringa lawIi T = constant) holds [13], to a value of about 70 K. As mentioned
in the introduction, the temperature regidn> Tr is characterized by; = constant and
the Curie—Weiss law, implying that the system can be regarded as a set of localized moments,
while the low-temperature state f6r< T+ may be described by Fermi liquid theory. It should
be noted thaf},x is lower thanTg, and that it is in the regio® < T that the metamagnetism
is observed. Therefore, it may be necessary to look for an alternative interpretation of the
existence of the maximum in(7) and the metamagnetic behaviour.

Once we work from the basis of an itinerant-electron picture, instead of the fixed-moment
model, the above problems may be resolved. The coefficigfts g(T), andc(T) can take
either positive or negative values, depending on the electronic structures near the Fermi level
Er. The sign and magnitude g{7), for instance, may be determined from the energy dep-
endence of the (local) density of states (DOS) aroBpgdand the negative sign @f(7) may
derive from a negative curvature of the DOSFat Such a negative curvature of the DOFat
may signify a negative mode—mode coupling, which plays a role in coupling spin-fluctuation
modes with different wave vectors characterized;byfo understand the implication of this,
we consider the following energy functional of spin fluctuations [22]:

1 1

V= ; 2—Xq|Mq|2 + 58 Z//(Mq M )My - My g )+ (3)
q.9.,9

whereM, denotes spin fluctuations. Inthe case whefgis small, the first term may dominate

over higherterms. If we assume tiif, is increased, for instance by an increase of temperature

or external magnetic field, the contribution from the higher terms can no longer be neglected.

In particular, when the mode—mode coupling is negative, one may see an interesting effect: the

negative mode—mode couplimgnhanceshe amplitude of the spin fluctuations, because the

second term lowers the free energy. Furthermore, since the coefficient of the first tgrm, 1

is inverselyproportional to(| M, |?), the increase of the spin-fluctuation amplitude makes the

first-term contribution less important compared to the higher-term contributions, which may

accelerate the enhancement of the spin-fluctuation amplitudes. Finally, such an enhancement

process may lead to a saturation of the local amplitude of the spin fluctuations at a certain

temperaturéfnax. This may explain why the magnetic susceptibility increases rapidly with

increasing temperature. When temperature is further increased @gyevhereg(T) is

nearly zero, the Curie—-Weiss-like behaviour may be observed on the high-temperature side,

because the amplitude is fixed at its maximum value and thus only the orientation can be

changed.

On the basis of the same idea, one is also able to explain easily the appearance of the
metamagnetic behaviour. In the case where 0, ¢ < 0, andc > 0, it may be seen that
AF(M,T) can have two minima, a¥ = 0 and atMy (£0), at a fixed temperature [24].

The latter stateX/,) can be stable or metastable, depending on the magnitude/of: in
the case where/20 > ac/g? > 3/16, it is metastable and is stabilized by applying external
magnetic fields, and at a critical field the metamagnetic transition from the paramagnetic to
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the ferromagnetic state is induced. Whefig? > 9/20, which is the case now, as mentioned
above M (H) does not show such a metamagnetic transition, and only increases monotonically
with increasingH ; but as long ag < 0, the S-shaped curvature remains observable.

Therefore, we believe that this simple interpretation is compatible with all results reported
so far, although a quantitative theoretical investigation is required to confirm it, such as was
performed for FeSi [22, 23].

In the introduction, section 1, we mentioned the dual nature of 5f electrons. In the above
interpretation, we only consider the itinerant component of the 5f electrons. Theoretical work
on the magnetization as a function of temperature and magnetic field in the Fermi liquid regime
was performed by Miyake and Kuramoto on the basis of the duality model [25]. According to
their theoretical calculation,

(a) anecessary condition for the metamagnetic behaviour to occur is that the second derivative
of the DOS of the renormalized f electronsit must be positive,

(b) the largery’ is, the more readily the metamagnetic behaviour occurs, whepara-
metrizes the extent of suppression of the uniform magnetization due to the antiferro-
magnetic correlations among adjacent spin pairs (i.e., the localized component of the 5f
electrons), and

(c) the positive slope of thg—T curve observed foF < Tg can be explained by taking into
account the mode—mode coupling effect of the spin fluctuations, where the predominant
mode—mode coupling term in the linilt <« 7¢ is negative, corresponding to a positive
second derivative of the DOS.

All of these calculated results are consistent with the present interpretation.

In conclusion, we have found that the coefficient of thé-term in the free-energy
expansion in terms a#/ is negative at low temperatures, increases rapidly, and approaches
zero with increasing temperature upfq.x, at which temperature the magnetic susceptibility
exhibits its maximum. We regarded this as a manifestation of the negative mode—mode coupling
among spin fluctuations. On the basis of these results, we proposed a possible interpretation
to explain the crossover between the I@witinerant-electron and higli- localized-electron
regimes. In the present paper, we disregarded three aspects: the anisotropy of the magnetic
susceptibility; the magnetoelastic effect; and the metamagpétise transitionbetween
the antiferromagnetic ordered phase and the unresolved high-magnetic-field one (possibly
a ferromagnetic phase with a large amplitude of the local magnetization). As regards the
first aspect, we merely refer the reader to the pioneering work on band-structure calculations
for UP&Al3 performed by the Darmstadt group, in which the anisotropy of the magnetic
susceptibility was calculated within the framework of the band-structure calculation, i.e., in
the itinerant-electron picture [5]. The second aspect may be expected to be a secondary effect,
as pointed out in reference [25], although it should be taken into account in a thorough quant-
itative discussion. To discuss the third aspect, we would need to construct a discussion similar
to that given in section 4.7 in reference [22]. That is beyond the scope of the present work,
and remains a problem for the future.
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