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Polycrystalline PrCuy, which has a quadrupolar transition at 7.7 K, has been investigated using
electrical resistivity, magnetization and dilatometry techniques. To study dilution effects, two solid
solutions of PrCu,, (Prg.gLag,)Cu;, and (PrggYp2)Cuy, were also studied. The quadrupolar tran-
sition decreases in temperature with doping, while it increases slightly with the magnetic field. In
resistivity and thermal expansion, the magnetic contributions show a clear evidence of crystal field
excitations. The analysis of both properties provided benchmark values of the Debye temperature and

Griineisen parameters.
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Introduction

When ions with localized electrons such as in 4f
or 5f shells have a nonmagnetic ground state, i. e. no
dipolar moment in the ground state, the ions usually
remain paramagnetic down to very low temperatures
where ordering of nuclear moments might occur and
induce electronic moments as in Pr. However, as re-
cently pointed out [1], the ions can also undergo an-
other type of transition induced by asymmetric charge
distribution of f electrons, a so called quadrupolar
transition. The nature of this quadrupolar transition
is very interesting and not yet fully understood. Un-
til now, quadrupolar transitions have been extensively
studied in systems with cubic symmetry. However, this
transition was also recently found to exist in com-
pounds such as UPd3 [2] and PrCu; [3, 4] with differ-
ent symmetry.

PrCu; crystallizes in the orthorhombic KHg;-type
which can be regarded as a distorted hexagonal
AlB; structure where the orthorhombic b axis is the
hexagonal c¢ axis of the AIB, structure. The Cyy lo-
cal symmetry at the Pr site of PrCu; splits the nine-
fold degenerate multiplet 3H,; of the Pr’* ion into
nine singlets. Although the ground state is expected to
be non-magnetic, it has a non-zero quadrupolar mo-
ment. It appears that the energy separation between
the two lowest singlets decreases below 8 K, and Pr

undergoes a quadrupolar transition. When Pr enters
the quadrupolar ordered phase, quadrupole moments
are coupled to each other through lattice strains lead-
ing to a crystal symmetry transformation from or-
thorhombic to monoclinic [5]. With lowering the tem-
perature further, the material becomes antiferromag-
netically ordered at 54 mK, which involves both the
conduction electron and the nuclear spins [6—8]. Re-
cently, muon spin rotation spectroscopy has demon-
strated that this magnetic order continues to be present,
at least on a short-range scale, up to at least 60 K, the
quadrupolar-quadrupolar coupling being the proposed
driving mechanism [9].

Naturally, crystal field excitations of PrCu; have
been a central issue regarding the quadrupolar transi-
tion and were studied intensively using different tech-
niques. Early specific heat measurements [10] indi-
cated that the separation between the first two levels
isAj<7KatT >8KandA; ~ 15 K at 0 K. On the
other hand, inelastic neutron studies [11] gave a more
accurate estimate for the first four levels; separations
between the ground state and the three excited states
are Ay =6 K, Ap ~ 6 K and A; = 15 K. These values
change slightly below 8§ Kto A; =3 K, A, =12 K and
Az =15K.

Using susceptibility and magnetization results, two
groups [12, 13] independently proposed similar level
schemes with total crystal field splittings of 316
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Compound aA) b(A) c(A) vV (A3 Rprge  Table 1. Cell parameters and
PrCu, 4.411(3) 7.058(4) 7 4484 231.9(5) 0.13  volume of the compounds.
(Pro.sLag2)Cuy 4.420(4) 7.117(5) 7.471(6) 235.0(6) 0.17

(Pro.sYo2)Cz 4.387(4) 7.022(6) 7411(5) 228.3(6) 0.19

YCu, 4.305(3) 6.876(5) 7.296(5) 216.0(5) 0.15

and 230 K. However, in both cases, the lowest energy
levels do not compare well with the inelastic neutron
results. Incorporating the inelastic neutron results with
susceptibility data, another level scheme was proposed
by Ahmet et al. [3] with a total splitting energy nearly
twice that given in refs. [12] and [13].

High-field magnetization and deHaas-van Alphen
(dHvA) experiments have shown that PrCu; has
a new type of metamagnetic transition along the
¢ axis [14,15]. According to these results, a mag-
netic hard axis (c axis) becomes an easy axis (a axis),
and vice versa, above the metamagnetic transition.
The conversion of easy and hard axes has been re-
ported only for DyCu; [16] of the same orthorhom-
bic PrCu, structure. The physical origin of the axis
conversion has been interpreted in terms of the rota-
tion of quadrupolar moments on the ac plane, which
appears to be easier due to the similarity between the
orthorhombic and the hexagonal AlB,-type structure
of PrCu; as mentioned before.

Regarding our present contribution to the study of
this material, it is worth mentioning that there have
been relatively few reports on the macroscopic prop-
erties of polycrystalline PrCu; between r.t. to lower
temperatures. It is the aim of this communication to
report susceptibility, thermal expansion and resistivity
data of PrCu, between 2 and 300 K and to discuss the
crystal field effects seen in these macroscopic measure-
ments. The effects of Pr dilution have been studied as
well. Because LaCu, has a different crystal structure,
we used YCu, with the same KHg,-type structure as
our non-magnetic material.

Experimental Details

Stoichiometric amounts of Pr (99.99 %), Y (99.99 %) and
Cu (99.99 %) were melted using an induction furnace under
high vacuum. We subsequently made X-ray powder diffrac-
tion measurements (XRD) of all the samples using Bragg-
Brentano geometry and CuKy radiation. The electrical re-
sistivity was measured on parallelepiped samples using a
standard ac four-point technique [17] between 2 K and r.t.
For magnetic measurements, we used a SQUID magnetome-
ter (Quantum Design, MPMS7) from 2 K to r.t. and fields
up to 7 T. Thermal expansion was measured between 10

and 300 K using a strain gauge technique at Universidad
de Cantabria and between 1.8 and 30 K using a capacitance
cell at University College, London. High field measurements
were made using an extraction magnetometer of the high
magnetic field laboratory, Grenoble.

Results and Analysis
X-Ray diffraction studies

XRD patterns of the compounds were measured and
then analyzed by means of the Rietveld method using
the program FULLPROF [18]. We found that all sam-
ples were well crystallized, presenting a single phase
(space group Imma) with lattice parameters given in
Table 1. The lattice parameters of PrCu; are in agree-
ment with those previously reported. La substitution
increases the cell volume whereas Y substitution re-
duces it, as expected from the differentionic radii: pr3t
(1.013 A), La®* (1.061 A) and Y3t (0.88 A).

Electrical resistivity

A plot of the temperature dependence of the electri-
cal resistivity for all compounds is shown in Fig. 1. Re-
sistivity of PrCu, has a well defined change of curva-
ture at To = 7.7 K which corresponds to the quadrupo-
lar order transition. Although the resistivity continues
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Fig. 1. Temperature dependence of the electrical resistivity.
In YCuy, dots represent experimental points and the straight
line the fitting to the Griineisen-Bloch law.
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Table 2. Electrical resistivity data.

Compound Pres (UQcm) dp/dT (uQemK™!) pro (LQcm)
at 300 K

PrCu, 5.1 0.122 13

(Pro.sLag.2)Cus 3.5 0.122 9.8

(Pro.§Yo.2)Cuz 17.2 0.101 8

YCuy 0.6 0.128

to decrease below 2 K, the residual resistivity (pres) can
be estimated by an extrapolation to 7 = 0 K from the
data above 2 K. We recall that residual resistivities usu-
ally follow the Nordheim rule with doping [19]. This is
the case for the Y-doped sample, which has a p;.s value
higher than that observed for pure PrCu; (see Table 2).
However, it is unexpected to have pes of PrggLag ,Cus
lower than that of the pure compound. This feature evi-
dences that in spite of the additional chemical disorder
due to La substitution, the total lattice disorder is lower
in Prg gLLag ,Cu, than in PrCu; indicating a better crys-
tallization of the 20 % La sample.

Resistivity of YCu, shows a typical metallic be-
haviour due to electron-phonon scattering. It can be fit-
ted using the Griineisen-Bloch law (full line in Fig. 1)
with a Debye temperature @p = 163 K. Allowing
for corrections due to the mass difference between Y
and Pr, we estimate that the Debye temperatures
are 147 K for PrCu, and 149.4 K for Prgg9lLag,Cu,.
High-temperature slopes B = dp/dT are almost the
same for all three compounds and similar to those
found in REPt (RE = rare earth element) compounds,
B =0.125 uQ cm~! [20], the only exception being the
Y-doped one which has a lower value of 3.

Using the Op and f3 values we can first calculate the
phonon contributions Pphon for each compound using
the Griineisen-Bloch law and, subsequently, the mag-
netic resistivity from the relationship pp = P — Pres —
Pphon (for details see ref. [21]). Fig. 2 shows mag-
netic resistivities obtained from the procedure just de-
scribed. In the magnetic resistivity of PrCu,, we ob-
serve one clear anomaly arround 7 K corresponding
to the quadrupolar transition, followed by a notice-
able reduction of p upon decreasing T (see the insert
in Fig. 2). With doping, this anomaly at low temper-
ature gets subdued considerably, and we do not ob-
serve a clear anomaly for the doped sample although
the resistivity curvature increases at lower tempera-
tures. From the magnetization data to be discussed be-
low we found that the transition temperature moves
towards lower temperatures upon doping. One note-
worthy point about the general shape of the resistiv-
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Fig. 2. Temperature dependence of the magnetic resistivities.
The insert shows the low temperature part.

ity curve for PrCu; is that it exhibits strong crystal
field effects on py, above the quadrupolar transition.
The magnetic resistivity shows a large increase in the
paramagnetic region due to scatterings from excited
crystal field levels. When temperature increases and
all the CEF levels are equally populated, py tends
to reach its maximum value pno [22]. Similar be-
haviour is also observed in the diluted compounds,
which show lower values of ppo as compared with
that of PrCu; in agreement with the reduction in Pr
concentration.

To analyze the magnetic resistivity data further, we
used a model given by Rao and Wallace [23], accord-
ing to which the magnetic resistivity can be written in
the following form:

2

P =Pmos T

(J+1) Y id s imsi) P pifi,

ms,my ; it

where mg and m/ are spins of conduction electrons in
initial and final states; i and i’ are crystal field states
with energies Ej and Ej. Matrix elements are between
eigenstates for local moment and conduction electron
systems.

~ exp[—Ei/kT]
pi= Zexp[—Ej/kBT}
j

and

_ 2

~ 1+4exp[—(Ei — Ey)/kpT)]

Using this formula we calculated the p,(7") contribu-
tion for PrCu;. We compare the calculated py, (7) val-
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Fig. 3. Comparison between experimental and calculated
pm(T). The CEF parameters for the a, b and ¢ curves are
taken from references [12, 13] and [3], respectively.

ues with the experimental results in Fig. 3. Lines a
and b are for calculated results using crystal field pa-
rameters given in refs. [12] and [13], respectively. We
also calculated the magnetic resistivity using the CEF
parameters from ref. [3] (line c¢ in Fig. 3). Qualita-
tively the models account for the increase of the re-
sistivity with temperature in the paramagnetic region.
However, quantitatively none of the three CEF models
can fit properly the experimental data although over-
all line c is in better agreement with the experimental
results. The largest differences between experimental
data and the model are found in the low-temperature
region, probably associated with the influence of the
short range magnetic order observed up to 60 K [9] by
muon spin rotation spectroscopy.

Magnetization and susceptibility

Fig. 4 shows the magnetization measured in an ap-
plied magnetic field of B = 0.1 T. Measurements were
made with increasing temperature after cooling the
sample to 2 K in zero field. Magnetization of PrCu,
shows a slight upturn at 7 = 7.7 K, corresponding
to the quadrupolar transition. In Pryg¢Lag,Cu, and
Pro9Yo,Cu,, there are slight upturns at lower tem-
peratures. This behaviour is clearly revealed in the
derivative of the magnetization (insert of Fig. 4),
where a negative peak is observed for all three com-
pounds. Thus, quadrupolar transition temperatures for
Prg9Lag,Cuy and Pry9Yy,Cu, are found to be 4.9
and 5.4 K, respectively. It is important to point out that
alloying effects in other quadrupolar transition mate-
rial, such as UPd3, destroy the quadrupolar order even
with percentages lower than 5 % [24].

To study the field dependence of the quadrupolar
transition of PrCu;, we measured the temperature de-
pendence of the magnetization up to 7 T. Fig. 5 shows
the derivative of the magnetization at several fields.
The position of the peak changes very little with fields
up to 7 T. Regarding this field dependence of the
quadrupolar transition of PrCuy, it is worth mention-
ing that in TmCd the quadrupolar transition tempera-
ture increases appreciably even with a small magnetic
field [25].

Although all the proposed crystal field schemes for
PrCu, have an overall energy level splitting larger
than 230 K, the temperature dependence of the inverse
magnetic suceptibility is almost linear down to 20 K.
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=
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= 003 £ .0.0015
a\$: -
E;m 0.025 Prm 0002,
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T \
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0015 S
0.01 - B=0IT .
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Fig. 4. Magnetic moment per Pr ion in an
applied field of 0.1 T. The insert shows
the temperature derivative.
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Compound Magnetization 6p Hefr Xo To  Table 3. Main magnetic para-
per Prion (ug) meters.
at2Kand 0.1 T (K) (up) (emumol~!) (K)
PrCu, 0.0271 -2.5 3.56 —22x107*% 7.9
(Prg.gLag2)Cuy 0.0214 —10.4 3.50 —6.6x1074 4.9
(ProsYop.2)Cus 0.0358 3.7 3.51 —4.8x107* 54
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Fig. 5. Temperature derivative of the PrCu, susceptibility
measured at different applied fields.
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Fig. 6. Temperature dependence of the inverse magnetic sus-
ceptibility. The straight lines are fits to the Curie-Weiss law
above 20 K. For the sake of clarity, the data for each com-
pound are shifted upwards.

A similar linear dependence has also been observed in
the diluted compounds, although these materials show
a slightly positive curvature (Fig. 6). The data have
been fitted well using a modified Curie-Weiss law y =
X0+ C/(8 — 6,) between 20 and 300 K (solid lines in
Fig. 6). In PrCu,, the best fit produces an effective mo-
ment Legr = 3.56 up, xo = —2.2 x 10~* emu/mole and
6, = —2.5 K. This effective moment value is very close
to the theoretical value of the Pr3 ion ( Uetr =3.58 ug).
The Curie-Weiss temperature is negative for PrCu,,

B(T)
Fig. 7. Magnetic moment versus magnetic field at 7 = 2, 10
and 30 K.

indicative of the presence of weak antiferromagnetic
correlations. For the diluted compounds, Ueg is simi-
lar but 6, becomes positive for 20 % Y (see Table 3).
Magnetization was also measured up to 7 T at several
temperatures (see Fig. 7). In the T = 2 K curves, at
temperatures well below the quadrupolar transitions, a
small change of curvature is observed in PrCu; at B =
2 T whereas a clear negative curvature is observed for
the dilute compounds.

We also measured the high-field magnetization up
to 20 T (see Fig. 8). Two observations are notewor-
thy in our data. First, the magnetization begins to level
off above 7 T and appears to saturate towards the
value of 2.2 ug per Pr ion. This value is in agreement
with the average of the values obtained along the three
crystallographic axes in a single crystal [3]. With in-
creasing temperature, this saturation behaviour disap-
pears rapidly. The curves do not show any distinctive
anomaly which could be related to the metamagnetic
transition observed along the ¢ axis, so this transition is
probably suppressed in polycrystalline samples. A sec-
ond point concerns the magnetization versus tempera-
ture plot (not shown here). Although we acknowledge
that data get somewhat scattered with increasing fields,
and it becomes difficult to get dM/dT with reason-
able accuracy as previously obtained with the SQUID
data below 7 T, it appears that the quadrupolar transi-
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Fig. 8. Magnetization curves of PrCu; at several tempera-

tures up to 20 T. In circles are shown for comparison some
SQUID dataup tp 7 T.
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Fig. 9. Linear thermal expansion coefficients of PrCu, and
YCu,. The solid line represents the Debye fit whereas the
dashed line represents the estimated phonon contribution of
PrCus.

tions do not seem to change much with field even up
to 20 T.

Thermal expansion

We measured the thermal expansion of the com-
pounds PrCu; and YCus,. The relative change of length
AL/L between 4 and 300 K is 4200 x 1076 and 5500 x
1076 for YCu, and PrCus, respectively. Fig. 9 shows
the temperature dependence of the thermal expan-
sion coefficient ¢ = (1/L) (dL/dT). The curve of the
non-magnetic YCu, shows a typical behaviour due
to phonons. We can fit the YCu, data using a rela-
tion between thermal expansion and specific heat (Cy)
o = I'yCy/3Vm, where I' is the Griineisen parame-

Fig. 10. Magnetic contribution to the linear thermal expan-
sion coefficient of PrCu,. The insert shows the low tempera-
ture part.

ter, x is the compressibility and Vi, the molar volume.
The best fit (solid line in Fig. 9) is obtained with a De-
bye temperature @p = 340 K and 'y = dIn®p /0P =
2.8 Mbar~!. This @p is larger than that calculated us-
ing the resistivity. Differences between @p values ob-
tained using different techniques have previously been
reported for other compounds [26]. For example, for
YNi and LaNi the Debye temperature obtained from
thermal expansion is also higher than that from re-
sistivity [27]. At r.t. the o value is lower for PrCu,
than for YCu,. This, we think, is due to the smaller
value of I'y for PrCu, (I'y = 2.6 Mbar~!) than that
for YCuy (I'y = 2.8 Mbar™!). In order to extract the
magnetic contributions to the thermal expansion (0y),
we have subtracted the phonon contribution O, =
O — Olphon using the data for YCuy. We estimated the
upper limit for the phonon contribution from the Debye
model after performing the corresponding mass cor-
rections [28] and using the maximum possible value
for I'y (doted line in Fig. 9). The magnetic contribu-
tion is shown in Fig. 10. A narrow and strong peak
appears at the quadrupolar transition, indicating a large
reduction in the cell volume when the quadrupolar mo-
ments become ordered. In the paramagnetic region, we
observed a broad hump centred around 50 K, which is
likely to be due to crystal field effects. We analyzed
the hump using the phenomenological model given
in [29]; according to this model the contribution of the
CEF splitting to o(ocgr) follows the equation:

OCEF [(EPL) — (Ei){eld)]

X
3Vmkp T2

where kg is the Boltzmann constant, I; is the Griineisen
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Fig. 11. Comparison between the magnetic contribution
to the thermal expansion above the quadrupolar transition
and the calculated data obtained from CEF splitting of
refs. [12] (a) and [13] (b), see text.

parameter associated with the Ej level and the sym-
bol { ) represents thermal averages over the Bolztmann
distribution. If we do not know the E; and the I; val-
ues, it may be meaningless to fit the experimental data
using the equation because of the large number of fit-
ting parameters in the equation. However, if we use the
E; values given in the literature and assume that all the
Griineisen parameters have the same value I" [30], then
we have only one parameter left as a fitting parameter
whichis yI" = dInE/dP.

In Fig. 11 are shown the theoretical qcgp curves for
the CEF levels given in refs. [11] (curve a) and [12]
(curve b) obtained for yI" = 14.4 Mbar~! in both cases.
The best agreement is found for curve a, which fits
quite well the experimental data. We also checked the
CEF levels given in ref. [3], but in this case the theo-
retical curve shows a broad maximum centred at T =
160 K. If we assume that the compressibility of PrCu;
is an average of the compressibility of the pure ele-
ments [31],e.g. x =1.55 Mbar~!, then we can obtain
the value of the Griineisen parameter I = 9.5, which
is similar to that found for CeNig gPty» (I" = 10) [32].
Using the above value of the compressibility and the
parameter Iy previously obtained for the lattice, it is
also possible to estimate the Griineisen parameter as-
sociated with the phonons: Ijpon = 1.7.

Conclusions

The substitution of Pr by 20 % La/Y does not mod-
ify the crystalline structure of pure PrCu; and only in-
creases/decreases the cell volume in agreement with
the different ionic radii. The quadrupolar transition
does not disappear with doping, but shifts from 7' =
7.7 K to lower temperatures nearly in proportion to the
Pr percentage. The small difference between the tran-
sition temperatures in Prg gLag,Cuy (T = 4.9 K) and
Pro 3Y02Cux(Tq = 5.4 K) could be due to the different
Pr—Pr distances in both compounds. In this sense, the
increase of the Pr—Pr distance in the La doped com-
pound with respect to the Y doped one reduces the
quadrupolar interactions between the Pr ions and thus
decreases the temperature of the quadrupolar transi-
tion. In addition we have found that the quadrupolar
transition in PrCu; is very robust against magnetic field
and does not disappear up to 20 T. Regarding the meta-
magnetic transition observed at high magnetic fields in
single crystalline compounds, we have not found any
sign of it in our polycrystalline samples. The electri-
cal resistivity and the thermal expansion provide clear
evidence of crystal field excitations at high tempera-
tures. For the resistivity, neither of the previously pro-
posed CEF models can account quantitatively for the
experimental data, however for the thermal expansion
the model proposed in [12] fits our results reason-
ably well. These analyses, in which the separation of
the phonon and magnetic contributions was necessary,
have allowed us to obtain benchmark values for Debye
temperatures and Gruneisen parameters.
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