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Possible evidence for an energy gap below the Neel temperature in ternary rare-earth compounds
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Electrical-resistivity (p) behavior in the vicinity of the Neel temperature (T&) of the pseudoternary al-

loys RCu2 Ni„Siz (R =Fr, Gd, and Dy) and R& La Cu2Si2 (R =Pr and Cxd) is reported. There is an

increase in p just below T~ in several alloys, followed by the usual decrease at lower temperatures due to
the loss of spin-disorder contribution. We attribute this rise in p to the formation of an energy gap at the
Fermi surface due to antiferromagnetic ordering.

The magnetic ordering of the local moments of the
rare-earth ions in metals is known to cause a large effect
on the conduction electrons via the s finteract-ion. Par-
ticularly, in antiferromagnets, the long-range order is ex-
pected to induce superzone gaps in the conduction elec-
tron energy bands. Such energy gaps at the Fermi sur-
face in the magnetically ordered state should result in an
increase of electrical resistivity with decreasing tempera-
ture below Neel temperature (Tz) and this aspect has
been well documented for the pure heavy rare-earth met-
als. ' However, possible existence of these distortions of
the Fermi surface of rare-earth intermetallic compounds
is often ignored in the current literature while interpret-
ing experimental results. This may probably be because
the existence of such effects has not been sufBciently
demonstrated in the alloys containing localized moments.

With this motivation we have investigated the pseu-
doternary alloys, RCu2 „Ni„Siz (R =Pr, Gd, and Dy)
and R, „La,Cu2Si2 (R =Pr and Gd), crystallizing in the
ThCr2Si2 structure, by electrical resistivity (p) measure-
ments, as these compounds offer a nice opportunity to in-
vestigate Fermi surface effects for different orientations
of the magnetic moments (vide infra) The main . finding
is that in several alloys we notice an increase in p at the
onset of antiferromagnetism (followed by the loss of a
spin-disorder contribution well below Tti), similar to that
noted for URu2Si2, indicating the existence of energy
gaps in the conduction electron bands intersecting the
Fermi surface due to antiferromagnetic ordering. Such
an inference emphasizes the need to be cautious while ex-
trapolating the experimental results in the paramagnetic
state to the magnetically ordered state, such as the ex-
traction of the linear coeScient of specific heat, spin-
disorder contribution to resistivity, relaxation time data,
etc.

The alloys of several compositions were prepared by
arc melting followed by annealing at 1070 K to remove
strains in the lattice. The samples were characterized by
x-ray difFraction. Electrical resistivity (p) measurements
were performed in the temperature interval 1.5 —300 K
by a conventional four-probe method employing a
current of 100 mA in a medium of helium gas for temper-
ature homogeneity; the sensitivity of voltmeter was 10
nV.

For the sake of clarity we show in Figs. 1 and 2 the
resistive data only up to 40 K for all the alloys investigat-
ed. Neel temperatures for most of the specimens were in-
dependently obtained from the temperature at which dc
magnetic susceptibility (g) exhibits a sharp and well-
defined peak due to magnetic ordering. Considering a
minor uncertainty (about 0.5 K) in the temperature
values above 10 K in both the experimental methods it is
safe to state that Tz determined from g data nearly cor-
responds to the temperature at which resistivity starts in-
creasing (see below). The main experimental observations
are the following.

(i) With respect to Pr alloys: There is a marginal in-
crease in p near T& for PrCu2Si2, which becomes dom-
inant for nickel concentrations x =0.15 to 1.5 and this
feature is completely absent for PrNi~Si2 [Fig. 1(a)]. This
peak in p is also enhanced by La substitution and it per-
sists even for Pro &Lao sCu2Siz [Fig. 2(a)].

(ii) With respect to Gd and Dy alloys: For GdCuzSi2
and DyCu2Siz, there is no peak in p at T~. However, this
peak develops for large concentrations of nickel, but ap-
pears to be absent for total replacement of Cu by Ni. In-
terestingly, for some Gd alloys /see Fig 1(b)J th. e increase
in the resistiuity is quite dramatic on tioo accounts; firstly,
it spreads to as much as 10 K beloio T~ and, secondly, the
obserued magnitude of increase is comparable to or euen

larger than the decrease due to the loss of spin disorder
contribution. La substitution in GdCuzSi2, does not result
in a peak in p at the onset of magnetic ordering in con-
trast to the observation for the corresponding Pr alloys.
We take this as an indication for the absence of contribu-
tions from possible spin-disorder eff'ects following the
chemical substitutions to such peaks in the latter cases.
In addition to the above findings we also note for
CxdNi2Si2 an increase in p with decreasing temperature
over a wide temperature range well above T&, this
feature is somewhat unusual for Gd systems and can
probably result from significant variations of the lattice
constants with temperature above 15 K. Since this
feature is presumably not related to magnetic ordering we
will not discuss this aspect any further in this paper.

The major observation of present interest to us is the
existence of a rise in p below T& in several alloys, notably
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FICx. 1. Electrical resistivity as a function of temperature (1.5 —40 K) for several alloys for (a) PrCu& „Ni„Si2 series, (b)
GdCu& „Ni„Si2 series, and (c) DyCu2 Ni Si2 series. Vertical arrows for (a) and (b) indicate the temperature at which dc magnetic
susceptibility exhibits a well-defined peak due to the onset antiferromagnetism and for (c) they represent the temperature at which
resistivity starts decreasing due to the loss of spin-disorder contribution. In (b) the data for G-dNi&Si& are plotted in an expanded scale
also by a continuous curve to highlight the existence of a minimum well above T~.
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FIG. 2. Electrical resistivity as a function of temperature
(1.5 —40 K) for the alloys for (a) Pr& La Cu2Si2 series and {b)
GdI La Cu2Si2 series. The meaning of vertical arrows in {a)
a,nd (b) is the same as that in Figs. 1(a) and 1(c), respectively.

significant for a few Gd cases. This feature has been ob-
served for isotropic URu2Si2 (T~=17 K), exhibiting a
magnetic structure similar to that of PrCuzSiz and it has
been attributed to spin-density waves resulting in the for-
mation of energy gaps at the Brillouin-zone boundaries
intersecting the Fermi surface. In view of similarities of

the observed features we believe that the same argument
is applicable to the present series of alloys also. Howev-
er, there is a fundamental difference in the origin of gap
formation in UluzSiz and the alloys under investigation;
that is, U 5f electrons can exhibit itinerant character
thereby contributing to the conduction band, but the 4f
electrons in these rare-earths are localized.

At this juncture, it is worthwhile to recall the nature of
the alignment of the magnetic moments in all the end
members. The common feature in all these antiferromag-
nets is that the intraplanar interaction is ferromagnetic,
whereas interplanar interaction is antiferromagnetic.
PrCuzSiz exhibits type-I antiferromagnetic ordering and
the magnetic structure is commensurate with the lattice.
However, for PrNizSiz, there is a sinusoidal modulation
of magnetic moments along the c axis and hence the
magnetic lattice is incommensurate. For GdCuzSiz the
easy axis of magnetization is in the basal plane, whereas
for GdNizSiz, the angle between Gd moments and the c
axis is approximately 70' (Ref. 8). For DyCu2Si2, the or-
dering consists of ferromagnetic (101) planes coupled an-
tiferromagnetically with the sequence + —+ —requiring
thereby the doubling of the a and c axes resulting in an
orthorhombic unit cell. The neutron diffraction pattern
of DyNizSiz shows a broad magnetic maximum at 1.4 K
indicating the presence of a short-range magnetic order
at this temperature; the magnetic moments are normal to
the c axis but make an angle of 11' with the a axis (AF-III
type). Thus, it is clear that all of the six antiferromag-
netic end members exhibit a variety of magnetic struc-
tures and it is difficult to find a correlation between these
magnetic structures and the presence or the absence of
the resistivity peak below T~. In cases like PrNizSiz, one
expects' additional energy discontinuities (relative to that
in PrCu2Siz) due to the sinusoidally modulated incom-
mensurate magnetic structure, but we do not see this
peak in this compound. The trend in the resistivity be-
havior as a function of Cu or Ni concentration in Fig. 1,
may be explained assuming that the Fermi surface moves
continuously across the magnetic Brillouin-zone bound-
ary gaps with the changes in the number of conduction
electrons and the unit-cell volume; this suggests that in
those alloys where the above peak is missing, Fermi sur-
face does not intersect such gaps. It is also expected'
that the magnitude of the gaps and hence of the above
resistivity anomaly are proportional to the oscillating am-
plitude of the 4f-spin moments. These two factors quali-
tatively account for the overall differences in the magni-
tude of the resistivity anomalies below T& among Pr, Gd,
and Dy alloys exhibiting this peak in Fig. 1. Careful neu-
tron diffraction studies are warranted on all these alloys
to gain better knowledge of the magnetic structures. A
faster loss of the 4f contribution to p at T& can also com-
pensate the increase due to the energy-gap effect thereby
wiping out the above peak in some cases. This point is
nicely demonstrated in the case of DyCuNiSiz, in this al-

loy we observed a well-defined peak in susceptibility at 4
K due to the onset of antiferromagnetism, however, resis-
tivity does not exhibit any anomaly [see Fig. 1(c)] at this
temperature, not even the usual decrease due to the loss
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of spin-disorder contribution.
Finally, we would like to state that the possible role of

magnetorestriction effects due to magnetic ordering have
not been taken into account in this manuscript and this
may be justified considering that no such anomaly in the
temperature-dependent lattice-constants data near T&
was found for any of the RCu2Si2 compounds. " We be-
lieve that the inference we have made here bears
significant relevance to the interpretation of the experi-
mental data of Ce-based Kondo-lattice systems, in which
case a complicated resistive behavior due to a Kondo-
type logarithmic increase below a certain temperature
and Kondo-coherence efFects' often masks the presence
of such features. Even in CeCu2Si2, an isostructural com-
pound of great interest due to heavy fermion supercon-

ductivity, ' spin-density waves below 1 K are believed to
exist' and hence present findings on PrCu2Si2 and its al-
loys should be kept in mind while drawing any major
conclusion on such compounds. The results based on
Pr& „La Cu2Si2 also seem to emphasize that the energy
gap formation does not require complete periodicity of
the magnetic sublattice and it may exist even for a
moderately dilute concentration of magnetic ions.
Theoretically, it will be of interest to investigate the
modifications, if any, of the polarization of the conduc-
tion band due to the intersection of the Fermi surface
with the magnetic-superzone boundary gaps following
antiferromagnetic ordering in such alloys. We call for an
urgent verification of our conclusions by energy gap mea-
surements in view of its significance.
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