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The ternary compound UNiAl, crystallizing in the ZrNiAl-type structure, is an itinerant antifer-
romagnet with magnetic moments of less than 0.8z per U atom and with a high y value of 164
mJ/mol K2. The anisotropic response of the electronic properties to magnetic field is closely connected
with the huge uniaxial magnetic anisotropy, observed not only in the magnetically ordered state, but also
in the paramagnetic region. The origin of this anisotropy can be found in a strongly anisotropic hybridi-
zation. The magnetic ordering temperature, Ty, =19.3 K, is reduced upon applying the field along the ¢
axis of the hexagonal structure, which is the easy-magnetization direction. Antiferromagnetic ordering
is suppressed by magnetic fields higher than the critical field of the metamagnetic transition, which is
11.35 T at 1.4 K. The electronic contribution to the specific heat is gradually enhanced by the magnetic
field up to the transition, where a y value of about 260 mJ/mol K? is recorded. In higher fields, the ¥
coefficient is gradually suppressed even below the zero-field value and reaches 143 mJ/mol K2 at 20 T.
The magnetic field applied in the basal plane has a negligible effect on both T and y. The pronounced
anisotropy is also found in the low-temperature electrical resistivity, which is considerably reduced in
fields above the metamagnetic transition. Strong indications of anisotropic magnetic fluctuations can be
traced in a number of experimental findings on pure UNiAl and also on Y-, Co-, or Fe-substituted sam-
ples, in which a fast decay of magnetic ordering is observed.

I. INTRODUCTION

UNiAl is one of the numerous UTX compounds (T =
late transition metal, X =p metal, like Al,Ga,In,Sn,Sb)
that are known to crystallize in the hexagonal ZrNiAl
type of structure! > (space group P62m), which is
schematically shown in Fig. 1. It is built up of two types
of basal-plane layers, containing U-Ni and Ni-Al, alter-
nating along the ¢ axis. Each uranium atom has four
nearest U neighbors within the U-Ni layer. The in-
teruranium spacing dy.y =349 pm, is related to the lat-
tice parameter a (673.3 pm). The U-Ni layers are
separated by the lattice parameter c (403.3 pm).

The magnetic properties of the UTX compounds
vary from enhanced Pauli paramagnetism in UFeX
through spin-fluctuation behavior and metamagnetism in
URu(Al,Ga) and UCoAl to the ordering of magnetic mo-
ments growing in size up to 1.5u5/f.u. and predominant-
ly originating from the U atoms. UNiAl is one of the few
antiferromagnetic compounds in this family.
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FIG. 1. Schematic picture of the UNiAl crystal structure.
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The main features in the systematics of the ground-
state properties in the UTX compounds can be summa-
rized as follows. The tendency to magnetic ordering, and
also the size of the uranium magnetic moments, increases
with filling of the d band of the transition metal, as well
as with increasing atomic volume of the X element, i.e., in
the sequence Al, Ga, In, or Sn.” These observations are
consistent with the dominating tendencies of the 5f-
ligand hybridization,® which is an important mechanism
causing delocalization of 5f electrons and thus disturbing
the formation of uranium magnetic moments:

(a) The 5f-d hybridization is reduced with increasing
difference in energies of uranium 5f and ligand d states.
This comes into effect when moving towards the right
end of the transition-metal series in which a more popu-
lated d band is pushed down in energy, while the 5f band
of uranium remains pinned in the vicinity of Eg.

(b) The 5f-p hybridization with X ligands is weakened
with increasing volume of the X atom (i.e., when moving
down in the p-element column of the periodic table),
which reduces the overlap of 5f and p wave functions.

These tendencies are confirmed for the whole UTAI
series by self-consistent energy-band calculations,” which
also show that the Ni 3d band in UNiAl is shifted below
E and does not contribute to the net magnetic moment.

The essential features of UNiAl, an antiferromagnetic
ground state with a Néel temperature Ty of 19 K, a
metamagnetic transition with a critical field B, of about
11 T, and an enhanced value for the y coefficient of the
low-temperature specific heat of 164 mJ/mol K2, were re-
ported in early studies of polycrystalline samples.'®!!
The last feature suggests an itinerant character of the
magnetism, which can account for the small estimated
magnetic moment of approximately 0.5ug/f.u. A huge
aniaxial magnetocrystalline anisotropy, which seems to
be a common characteristic of all UTX compounds with
the ZrNiAl type of structure, was found in a study of the
bulk properties of single-crystalline samples. '

A preliminary analysis of neutron-diffraction experi-
ments has revealed the following features of magnetic or-
dering in UNiAL!® Indications for short-range order
within the basal plane are found around 26 K (the tem-
perature of a susceptibility maximum), whereas three-
dimensional long-range antiferromagnetic order appears
below 19.5 K. The magnetic phase transition at this tem-
perature is of second order. The magnetic structure at
42 K is collinear, with uranium magnetic moments
oriented along the ¢ axis. It can be characterized by a
propagation vector q=(0.1,0.1,0.5). The maximum
value of the uranium magnetic moment is not precisely
determined: it was estimated as 0.5u g, which is compati-
ble with the value obtained from magnetization measure-
ments above the metamagnetic transition.

In this paper, we review results of the studies of mag-
netic properties, resistivity, magnetoresistance, the mag-
netocaloric effect, and specific heat of UNiAl single crys-
tals, with a special emphasis on the behavior in high mag-
netic fields. In Sec. VII, we also briefly summarize results
of Y, Co, and Ni substitutions in UNiAl. The discussion
in Sec. VIII leads us to a tentative model, with the aniso-
tropic character of the spin fluctuations a key ingredient.

II. EXPERIMENT

Single crystals of UNiAl were grown by a modified
Czochralski technique'* from a stoichiometric melt with
a pulling speed of about 8 mm/h. The first crystal grown
from a polycrystalline seed showed a mosaic structure in
the x-ray Laue pattern, and therefore single-crystalline
seeds were used in further trials. To reduce the mosaicity
of the final product, the seed was tilted from the easy-
growth direction by an angle of 15°. In this way, we ob-
tained a crystal of about 30 mm length and a maximum
diameter of 6 mm. The top and lower end were inspected
by microprobe analysis. The detected composition
Ua3.34)Niss ga)Alsg g3y agrees with the stoichiometric
composition UNiAl within the experimental uncertainty.
Al, the lightest element in the compound, is a limiting
factor in the accuracy of the determination of the compo-
sition. Small inclusions of uranium oxide were detected
on the crystal surface by the microprobe.

For the purpose of magnetic measurements with mag-
netic fields along various crystallographic directions, a
spherical sample with 3 mm diameter was glued into a
Stycast cube. The magnetic susceptibility was measured
by means of a pendulum magnetometer in the tempera-
ture range 4.2-300 K in fields up to 1.3 T. Magnetiza-
tion measurements at helium temperatures in magnetic
fields up to 35 T were performed in the High-Field Instal-
lation of the University of Amsterdam'> by means of an
induction technique.

Bar-shaped samples (typical dimension 4X0.2X0.3
mm?®), cut parallel and perpendicular to the ¢ axis, were
used for electrical-resistivity measurements with the
current parallel and perpendicular to the c axis. Since
the contacts were glued by silver paint on the rather
small bars, the uncertainty in the absolute values of the
specific resistivity may reach 10%. The resistivity in zero
magnetic field was measured in the temperature interval
0.3-300 K using a standard four-point ac method. Mag-
netoresistance studies at 1.5, 4.2, and 77 K in magnetic
fields up to 35 T were done also in the Amsterdam High-
Field Installation. The resistance was measured using a
dc technique. As the sample is immersed in the cryogen-
ic liquid in this experimental setup, higher currents can
be applied without any danger of heating. In the case of
UNiAl currents up to 200 mA were used. More accu-
rate magnetoresistance measurements were performed in
a superconducting solenoid in the low-field range (B < 14
T) at 4.2 K (sample immersed in liquid He).

The specific heat was measured on a single crystal of
about 2 g by a standard semiadiabatic method with the
calorimeter inserted in a superconducting coil providing
fields up to 5 T. Measurements in fields up to 20 T were
performed on the same sample at the Nijmegen High-
Field Laboratory using a Bitter magnet.

III. MAGNETIC MEASUREMENTS

The temperature dependence of the magnetic suscepti-
bility of UNiAl, measured with the magnetic field parallel
and perpendicular to the c axis, is shown in Fig. 2. The
susceptibility y! (measured with B|c) exhibits a pro-
nounced and round maximum around 25 K. This tem-
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FIG. 2. Temperature dependence of the magnetic susceptibil-
ity of the UNiAl single crystal for magnetic field oriented along
the ¢ axis and along the ab plane. Lines represent fits described
in text. The low-temperature part with arrow indicating the or-
dering temperature is displayed in the inset.

perature, however, does not coincide with the transition
temperature determined from the specific heat (T =19
K).!? Apparently, the magnetic phase transition can be
better associated with the maximum in d(yT) /9T, as was
argued by Fisher'® and Fedders and Martin.!” Below 19
K, the c-axis susceptibility shows a quadratic tempera-
ture dependence,

X(T)=x"(0)+24,T?, (1

with 1,=2.8X107"° m’/K?mol and x'(0)=14x107?
m?/mol, while above 40 K it can be fitted with a modified
Curie-Weiss (MCW) law,

9

= = 2
(T—G)p) +X0 ’ ( )

X

with  u.;=2.85up/U atom (C=p,Nyule/3kg), 0,
=—13 K, and a small temperature-independent term Y,
of 1X107° m*/mol. The susceptibility in the basal plane
(x!) is much smaller and only weakly temperature depen-
dent. Nevertheless, a tentative analysis by fitting to Eq.
(2) with parameters p g=2.25u5/fu., ®,=—380 K, and
Yo=1X10"% m?®/mol is applicable in the temperature
range 120-300 K. We are aware that a considerable er-
ror can be introduced even by a small grain misalignment
or a slight misorientation during sample mounting. Both
can lead to an admixture of the easy-axis susceptibility,
which can distort the data for the hard-magnetization
axis especially in the low-temperature range, where the
ratio ! /x! is large. This can explain the deviation from
the MCW law, which was observed for y* below T =120
K. The difference A® p =~ 370 K, between the paramag-
netic Curie temperatures obtained for the susceptibility
parallel and perpendicular to the ¢ axis, provides an ap-
proximate measurement of the anisotropy energy in the
paramagnetic range.

The magnetization curves measured at 1.5 and 4.2 K

E. BRUCK et al. 49

are displayed in Fig. 3. When the field is applied along
the ¢ axis, a metamagnetic transition is observed around
11 T. In fields above the transition, the magnetization
slowly statures, yielding a value of 1.22up/fu. in 35 T.
The transition becomes more abrupt on cooling to 1.5 K,
and the midpoint B, is shifted from 11.25 T at 4.2 K to
11.35 T at 1.5 K. The small hysteresis of about 0.1 T is
similar for both temperatures. The high-field magnetiza-
tion values are slightly higher at 1.5 than at 4.2 K, espe-
cially in the range just above B,. Measurements on
oriented powders of UNiAl, well accounting for the
easy-axis magnetization, were performed at 4.2 K in the
high-field facility at Osaka University in magnetic fields
up to 50 T. They show that the easy-axis magnetization
tends to saturate at 1.3ug/f.u.'> The slow saturation of
the magnetization can be an indication of the itinerant
character of the 5f magnetism in UNiAl. However, we
cannot be conclusive in this respect, because the magnet-
ic structure is not known above B, and we cannot ex-
clude further transitions in fields above 50 T.

At elevated temperatures the transition is progressively
smeared out!'? while its midpoint is somewhat shifted to-
wards lower fields. A remnant of the S shape with
inflection around B =7 T is still observable at 24 K, i.e.,
above Ty, in the range of the susceptibility maximum.
This is consistent with the general observation'® that
compounds showing a susceptibility maximum have S-
shaped magnetic isotherms below T',,.

The basal-plane magnetization is very small and in-
creases linearly with the field, yielding only 0.14ug/f.u.
in 35 T. These results demonstrate a huge unixial anisot-
ropy of UNiAl with an effective anisotropy field far
exceeding the maximum applied field. If one tries to esti-
mate the magnitude of the anisotropy field as the magnet-
ic field where the extrapolated magnetizations M'(B) and
M(B) intersect each other, values of several hundred tes-
la are obtained.

1.4 ——— T T
1.2 R
r ‘/1.5 K ="K
~ 10} e , ' |
=
& -~
jin 08 | ‘ 0.8 | ;
2 j a
= : 06 3
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FIG. 3. Magnetization curves of UNiAl single crystal for
Bjcat 1.5 K (V) and 4.2 K (@) and Blc at 42 K (0). The in-
set shows in detail the metamagnetic transition including hys-
teresis for the 1.5-K measurement. The arrows indicate the
direction of field sweeps. Lines are guides to the eye.
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IV. TRANSPORT PROPERTIES

The resistivity of UNiAl (Fig. 4) shows little anisotropy
at temperatures above 100 K and is nearly temperature
independent up to room temperature, where p(300 K)
~150 uQcm. When decreasing the temperature below
100 K, the p!(T) and p'(T) curves (for i||c and ilc, re-
spectively) progressively deviate from one another.
Below 30 K, a negative dp/9dT gradually evolves and a
maximum is found at 19 K for i|lc. For ilc, a less pro-
nounced maximum was found at 15 K. At lower temper-
atures, p! decreases with decreasing temperatures to a
low-temperature limit for p!(0.3 K) of 85 pQ cm, which
gives the ratio p'(0.3 K)/p(300 K) of 0.57, whereas
p*(0.3 K)=135 uQ cm and the ratio p*(0.3 K)/p*(300 K)
is 0.90 for the basal plane. The relatively large values of
the low-temperature resistivity p, could be taken as an in-
dication of poor sample quality. However, as we shall see
below, a substantial portion of p, is related to the mag-
netic state of the sample.

Figure 5 shows the results of an analysis of the low-
temperature behavior in terms of possible power laws.
We found a T2 behavior for pX(T) in the range 0.7-4.5
K. Writing p(T)=p,+aT? we obtained @ =5.49X 102
pQ cm K™% and py=135.3 uQ cm. At very low tempera-
tures, the measured values deviate slightly positively
from the quadratic law. On the other hand, the quadratic
law holds for p! only in a very limited temperature range
(0.3-1.5 K). The fitting parameters are: a =1.38
uQemK ™2 py=84.8 uQcm. A much wider tempera-
ture interval is covered by the function p=p,+bT>"3
with p,=84.56 uQ cm and b =1.68 uQ cm K >/3, which
is followed by the experimental data at least in the inter-
val 0.3-3.5 K. In this range this type of temperature
dependence is clearly distinguishable from those involv-
ing T? or T3/,

We have performed magnetoresistance measurements
of both p!(B) and p*(B) with B parallel to the ¢ axis and
of p'(B) also with B in the ab plane. In the latter case

160 T T T T T

e e e

i
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140 _/\/;/ J
" 1parallel to ¢
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-

,g
c 120 + b
3
QU
100 1
80 L L 1 L 1
0 50 100 150 200 250 300
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FIG. 4. Temperature dependence of the electrical resistivity
of the UNiAl single crystal for i||c (lower curve) and ilc (upper
curve).
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FIG. 5. Low-temperature details of p(T) dependencies with
lines representing fits described in the text.

(field perpendicular to the easy-magnetization direction),
no noticeable field effect is recorded within the relative
accuracy of 1%. The similarity of responses of p and M
to magnetic fields is also seen in the sudden drop of p(B)
found at the critical field of the metamagnetic transition
(Fig. 6). At 4.2 K, p! first slightly decreases with B to a
shallow minimum at B=9-10 T, and then increases
again, reaching nearly the zero-field value in fields just
below the transition. Then p! is reduced abruptly by
~50 puQcm, and in the high-field range it displays a
weakly saturating tendency analogous to the M (B)
behavior. A value of p! of about 20 uQ cm is recorded in
the high-field limit. In the range 11-14 T, the results of
the pulsed-field and quasistatic-field measurements
display a noticeable disagreement. The reason may be in
rather slow relaxation phenomena, traced in the time
dependence of p during the field pulse in this range. Due
to the limited accuracy of the pulsed-field measurement,
these transient phenomena have not been studied yet sys-
tematically.

At T=1.5 K only the pulsed-field measurements were
performed. The results are similar to the experiment at
T =4.2 K in the quasistatic field, i.e., the transition is
much sharper than seen at 4.2 K in the pulsed fields. The
absolute value of the drop in p' at the transition remains
approximately the same, but the values saturate faster in
high fields. One should note that the difference between
p'(B, 4.2 K) and p!(B, 1.5 K) above B, is much more pro-
nounced than the corresponding difference in M!(B).
Comparing approximate absolute values of p'(B, 4.2 K)
and p'(B, 1.5 K), which are practically equal in the high-
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field limit, we can see that the initial steep increase of
p(T) in zero field, which is maintained still in a limited
field range above B, is progressively suppressed in high
magnetic field. The maximum in p(B) followed by a drop
at B, is quite common in antiferromagnets. In the simple
Néel model with two sublattices, the dominating effect is
the loss of periodicity due to the reversal of moments
residing in the sublattice with antiparallel orientation.'
Similarly, an increase of p up to the metamagnetic transi-
tion is expected also for band antiferromagnets.?

For i in the ab plane, pl(B), a slow monotonic decrease
of the resistivity is observed in fields up to about 9 T in
agreement with results of Schoenes et al.! Such a
behavior is pertinent to ferromagnets and, in general, can
be accounted for by a suppression of magnetic fluctua-

T T T
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FIG. 6. Magnetic-field dependence of the electrical resistivity
of the UNiAl single crystal in pulsed fields at 4.2 K (V) and 1.5
K (0) for Bjc, (a) with i|lc, and (b) with ilc. Solid lines
represent in both cases the measurements performed at 4.2 K in
quasistatic fields. The error bars indicate the absolute accuracy
of p in the pulsed field; the dashed lines are guides to the eye.
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tions. In materials close to the onset of magnetic order
there are mostly fluctuations of the paramagnon type be-
ing suppressed.?? This behavior, which is qualitatively
different from that for the other current direction, may be
related to the (nearly) ferromagnetic coupling in the ab
plane. However, p' also then drops at the transition by
about 50% and, in larger fields, it behaves qualitatively
like p!(B). A remarkable difference is, however, the
weaker tendency to saturation. A comparison of mea-
surements at 1.5 and 4.2 K shows again that the critical-
field drop is more pronounced at lower temperature, but
both curves join in fields above 25 T. Also here we see
the discrepancy mentioned for p!. The magnetoresistance
measured for p! at 77 K shows only a weak (2% —3%) de-
crease of resistance in B =35 T.

Schoenes et al.?! studied also the Hall effect in UNiAl
It shows qualitatively almost the same temperature
dependence as the magnetic susceptibility, from which it
can be concluded that the Hall effect in UNiAl is dom-
inated by magnetic contributions, i.e., by the anomalous
part. The value of the normal part, Ro=—1.33X10"?,
has been determined by the decomposition of the total
Hall effect for Bjlc. This corresponds, in a one-band
model, to a conduction-electron concentration of 0.77 per
formula unit. A normalization of the anomalous part of
the Hall effect with the magnetic susceptibility shows
that the Fermi surface is reconstructed below T, but the
effect is much less pronounced than in URu,Si,.**

V. SPECIFIC HEAT

The temperature dependences of the specific heat mea-
sured in various magnetic fields (B||c) up to 20 T are seen
in Fig. 7. The most prominent feature is the peak con-
nected with the Néel temperature. When applying the
field, this peak is progressively shifted from T, =19.3 K
(B =0) to lower temperatures, which is a tendency ex-
pected in an antiferromagnet. In magnetic fields of 11
and 11.25 T, the peak becomes apparently narrower and
sharper resembling a first-order transition. Finally, the

T T T T
C/T [J/K2mo1U]
117
0. 6L 11.25T UNiAl B//c i
oT
0.3 4or
r 20T 1
T [K]
0.0 : L .
0 10 20

FIG. 7. Temperature dependence of the specific heat of
UNiAl (C/T vs T) in various selected magnetic fields applied
along the c axis. The lines are guides to the eye.
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anomaly disappears in higher magnetic fields (B > 11.5 T)
indicating suppression of the antiferromagnetic order.
Comparison of the zero-field data with those measured in
field shows that in zero field there can be a non-negligible
part of the magnetic entropy located above Ty and this
part is gradually removed with increasing field. In con-
trast to the field along the c axis, the ordering tempera-
ture of UNiAl is not affected by a magnetic field applied
perpendicular to it,'? but the related peak becomes some-
what enhanced and broadened. Moreover, the shoulder
in C/T vs T above Ty is slightly enhanced by a field ap-
plied in the basal plane.

The B-T diagram in Fig. 8 displays in one plot the tem-
perature dependence of the metamagnetic transition field
B, determined from the inflection point of the magnetic
isotherms presented by Havela et al,'? and the field
dependence of Ty taken as the temperature of the max-
imum in the C/T-vs-T curve in various magnetic fields
for B|lc. The Néel temperature exhibits the usual quadra-
tic dependence on the applied field. The two curves in
Fig. 8, B;(T) and B(Ty), coincide at low temperatures,
where the sharp peaks (suggesting first-order transitions)
in the specific heat occur. At higher temperatures, the
field of the metamagnetic transition, which is gradually
smeared out but still visible at 24 K (i.e., above Ty), de-
creases monotonically to a value of 6 T. These observa-
tions corroborate the idea about antiferromagnetic (AF)
correlations dominating the behavior of the magnetic sys-
tem in a limited temperature range above the actual Ty
in the part of the diagram where the two curves deviate
from one another (7 > 10 K), while the magnetic phase
transition at T is of the second-order type. One should
realize that a magnetic phase diagram containing a tri-
critical point, which separates the low-temperature part
of the B-T line between antiferromagnetic and field-
aligned paramagnetic phase from the high-temperature
one, is rather normal in a broad class of mean-field local-
moment models.?* This means that the metamagnetic
transition at 7=0 K is usually a first-order transition,
while the Néel point in O T is usually a second-order tran-
sition.

15 e T
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6] 10 20 30

FIG. 8. B-T diagram displaying inflection points B; of mag-
netic isotherms vs T and ordering temperatures Ty vs magnetic
field for B||c.

Besides the gradual suppression of T, the magnetic
field applied along the ¢ axis also strongly affects the
low-temperature part of the C/T-vs-T dependence (Fig.
9). An upturn, which develops gradually in the tempera-
ture range below 10 K, can be followed to fields larger
than the critical field of the suppression of antifer-
romagnetism (up to 15 T). Only in the highest applied
field (20 T) is it not observed any more. In order to ob-
tain values for the y coefficient in field we have to find an
acceptable way of extrapolating C/T to T=0 K. Al-
though theoretical reasons for applying this dependence
are disputable (see Sec. VIII), we tried to apply the com-
monly used formula

C/T=y+B*T*+8T*nT , (3)

which describes well the experimental data in the temper-
ature range up to 5-10 K. The fitting parameters are
summarized in Table I. Applying tentatively a spin-
fluctuation (paramagnon) model,>>? the experimental
coefficient of the quadratic term B* can be related to the
coefficient of the lattice contribution 3 by the expression

Bt =B_81nTSF N (4)

where Tgp represents the characteristic temperature of
spin fluctuations. Provided B is known, we can derive the
field dependence of Tge. For this purpose we tried
several ways of estimating 8. One method is to take B of
the isostructural nonmagnetic compound YNiAl. Anoth-
er method is to estimate the slope of C/T vs T? in UNiAl
in the temperature range above the low-temperature up-
turn and below the significant contribution of the mag-
netic entropy in the vicinity of Ty. This temperature
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FIG. 9. Low-temperature detail of the specific heat of UNiAl
in various magnetic fields. The lines represent fits to Eq. (3)
with parameters given in Table I.
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TABLE 1. Parameters obtained from the low-temperature C/T-vs-T data obtained on UNiAl in
various magnetic fields applied along the c axis. The data were fitted to formula (3), values of T'sr were
obtained supposing various S values: I, 0.000488 J/molK* (from UNiAl in 20 T); II, 0.000396
J/mol K* (from UNiAl in O T, temperature range 8—12 K); and III, 0.000 186 4 (from YNiAl).

B 1 Tsr TS T
(T) (J/mol K?) B* (J/molK* 8 (J/mol K*InK) (K)

0 0.1643 —0.000 60 0.000 363 20.2 15.7 8.8
5 0.1714 —0.00075 0.000 368 30.7 22.6 12.8
8 0.1912 —0.003 15 0.001 62 9.5 8.9 7.8
10 0.2142 —0.007 88 0.004 51 6.4 6.3 6.0
11 0.2118 —0.003 64 0.002 34 5.8 5.6 5.1
11.5 0.2576 —0.005 38 0.002 37 11.9 11.5 10.5
12 0.2451 —0.004 26 0.00178 14.3 13.6 12.1
15 0.2037 —0.003 52 0.001 68 10.8 10.3 9.1
20 0.1426 0.000488

range is, however, rather narrow (7-11 K). The third
method we have applied was to take 8 from the C/T
measurements of UNiAl in 20 T, in the field where mag-
netic fluctuations are suppressed, at least to such an ex-
tent that no upturn was observed in the C/T-vs-T plot
(C/T is linear in T?). From the large spread of T
values obtained using somewhat different 3 values we can
see that this procedure is very sensitive and the results
should therefore be taken with caution. An intrinsic un-
certainty can originate from the fact that theoretically an
anisotropy in the paramagnon excitations can appear (see
discussion), which means that there can be two different
Tsr values.

From Fig. 10 we can see a progressive increase of ¥ up
to B=10 T. The point at 11 T is apparently affected by
the proximity of the phase transition to the temperature
range from where the extrapolation was performed (see
Fig. 7). Therefore, we cannot decide whether there is a
true discontinuity or whether y(B) increases smoothly up
to its maximum value of approximately 260 mJ/mol K2
found at 12 T. Above the transition field, y decreases,
reaching at 20 T a value 143 mJ/mol K2, which is already
lower than that obtained in zero field.
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FIG. 10. Development of extrapolated y values of the UNiAl
single crystal in fields applied along the c¢ axis (O). The solid
line represents the quadratic fit to the initial increase of y(B).
@ symbols are the corresponding values of Tie. Dashed lines
are guides to the eye.

It is interesting to check whether the field dependence
of the specific-heat coefficient y is consistent with the
second derivative of the low-temperature susceptibility,
i.e.,z\;vhether it obeys the thermodynamic Maxwell rela-
tion

B (3% /dT*)=p,(dy /3B) , (5)

where Y is the zero-field static susceptibility.
We have fitted the initial increase of y(B) to a quadra-
tic dependence,

Y=vYotkcB?, 6)

with  y,=164 mI/molK*> and kc=2.8X107*
J/mol K? T%. The agreement of the latter parameter with
the value of 2.3 X 10™* J/mol K? T?, calculated by means
of (5) from the y(T) dependence, is rather good consider-
ing the large experimental inaccuracy in the determina-
tion of k.

VI. MAGNETOCALORIC EFFECT

Measurements of the magnetocaloric effect (adiabatic
heating or cooling of the sample due to field variations)
confirm the first-order character of the metamagnetic
transition at low temperatures, because an abrupt step of
the temperature is recorded at the critical field B, (Fig.
11). The effect was measured by monitoring the tempera-
ture of the adiabatically mounted sample while sweeping
the field at different rates. The hysteresis of the transition
is about 0.1 T, i.e., similar to the value obtained from
magnetization measurements. As follows from the
Clausius-Clapeyron equation for the case of negative
9B, /3T, the high-field phase has higher entropy at the
same temperature than does the antiferromagnetic phase.
Therefore one would expect a heating effect when cross-
ing B, from above, which is indeed observed. However,
the curve is not retraced with increasing field and we can
even obtain the opposite step (i.e., also heating) depend-
ing on the sweeping rate. Although this effect was not
followed systematically under different conditions, it is
clear that some heating mechanism depending on the
sweeping rate is at work. At certain conditions we can
reach even a cancellation of the ‘“intrinsic” magneto-
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FIG. 11. Temperature of an adiabatically mounted sample of
UNIiAl vs magnetic field applied parallel to c. Decreasing field
is marked by open symbols, increasing field by solid symbols.
The sweeping rate was 4 T/min in (a) and 0.2 T/min in (b).

caloric effect by this additional effect. This effect, espe-
cially its possible relation to magnetostriction effects,
deserves further study.

The change of sign of the slope of the T'(B) curves at
the transition (37 /0B <0 for B <B, and 37 /3B >0 for
B > B_, see Fig. 11) can be understood on the basis of the
thermodynamic relation:

aT
3B,

T

- M
Cs,

oT

S,p

)]

’
B,p

where Cp , is the specific heat in a given field and B, the
external magnetic field. As can be derived from the tem-
perature development of the magnetic isotherms,? at low
temperatures the derivative dM /3T changes sign from
positive for B < B, to negative for B > B, and therefore
9T /3B, should undergo the opposite change of sign.

VIL. Y, Co, AND Fe SUBSTITUTIONS IN UNiAl

As shown already in earlier papers,?®?° substitution of

Y for U leads to a very fast breakdown of the long-range
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magnetic order in UNiAl. Upon substitution of a mere
5% of U by Y the specific-heat anomaly connected with
Ty disappears. Nevertheless, the susceptibility displays a
broad maximum, gradually shifted to lower 7, which is
observable up to 10% Y. Correspondingly a metamag-
netic transition can be observed at approximately the
same field as in pure UNiAl. The magnitude of the mag-
netization change at the transition is, however, rapidly
reduced and practically linear M (B) curves are found for
20% and 40% Y. The most remarkable effect is the gra-
dual development of a low-temperature upturn in the
C /T-vs-T curves, which can also be well accounted for
by formula (3). The parameters obtained, using the same
analysis as for pure UNiAl, are shown in Fig. 12. The
values for the y coefficient reach a maximum around
20% Y, which means in a sample displaying no metamag-
netic transition, but also for a sample with 40% Y a no-
ticeable C /T upturn is still found. We should note that
these upturns remain practically unaffected by magnetic
fields up to 5 T, applied on polycrystalline samples. A
crystal-structure analysis showed a noticeable lattice ex-
pansion in the a direction (1.9% for 40% Y), whereas the
lattice constant ¢ shrinks (by 2.4% for 40% Y).
Substitution of Ni by Co or Fe has a different impact
on the lattice parameters. Whereas the parameter a
remains practically unchanged, c¢ is reduced, but to a
lesser extent than for Y substitution (1.2% for 40% Co or
20% Fe). A gradual decay of magnetism (which is not
unexpected because UCo0ALl is a band metamagnet® and
UFeAl an exchange-enhanced Pauli paramagnet®!) is ap-
parent in the temperature dependencies of the specific
heat. The anomaly related to Ty shifts to lower T and is
finally embedded in the low-temperature upturn in C /T,
which gradually develops. This tendency can be followed
to concentrations of 20% Co or 10% Fe, where a y value
of approximately 250 mJ/molK? is recorded in both
cases. For the Co case, a decrease of y was observed for
40% substitution. Co and Fe substitutions also lead to a
suppression of the field-induced transition in M (B), mea-
sured at 4.2 K, but in a different way from Y substitu-
tions. The initial slope of M (B) increases and the posi-
tive curvature is converted into a negative one with in-
creasing concentration of the substituting element. The S
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FIG. 12. Concentration dependence of extrapolated y values
and T in the system (U,Y)NiAl.
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shape disappears between 10% and 20% Co or 5% and
10% Fe. The absolute values of the high-field magnetiza-
tion are reduced upon substitution, but much less than
for the Y case. Apart from the delocalization of U mo-
ments, this tendency indicates the dominant role of fer-
romagnetic correlations along the c¢ axis favored by Co or
Fe substitutions. This situation contrasts with the Y sub-
stitution, where antiferromagnetic correlations persist
even in the paramagnetic regime.

VIII. DISCUSSION

Results of magnetic, electrical, and specific-heat mea-
surements are consistent with antiferromagnetic ordering
in UNiAl below Ty =19 K. In all cases, a very strong
magnetic anisotropy, persisting to the paramagnetic
state, was observed. The magnetic response is concen-
trated in the c direction, yielding uniaxial anisotropy.
The effective anisotropy fields are estimated as several
hundred tesla. It is, however, difficult to imagine that us-
ing a hypothetical field (oriented in the basal plane) larger
than the anisotropy field we could simply turn the mo-
ments out of the easy-magnetization direction. The close
connection of the geometry of the crystal lattice and
magnetic anisotropy, which is generally valid for all UTX
compounds with the ZrNiAl type of structure, suggests
that the direction of magnetic moments is determined by
general features of bonding symmetry. In particular,
models based on the notion of hybridization-mediated an-
isotropic exchange®>3? predict the orientation of magnet-
ic moments perpendicular to high-coordination direc-
tions (planes), and this prediction was found valid also for
UTX compounds crystallizing in other structure types.>*
In UNiAl, similar to other UTX compounds of the
ZrNiAl-type family, the high coordination of nearest U
neighbors in the U-Ni basal plane, together with a strong
hybridization of the 5f states of U with the 3d states of
Ni within the same plane, is a probable source of the rigid
orientation of magnetic moments perpendicular to the
plane. Any attempt to rotate the magnetic moments
from this direction (e.g., by magnetic field) would lead, in
the framework of these models, to a breaking of the
bonds within the U-Ni layers. Thus, the binding energies
(the difference of binding energies for different structure
types) can provide the energy scale for the effective fields
of the magnetic anisotropy (typically of the order of 100
meV).

Other important features influencing the properties of
UNiALl are the magnetic fluctuations. The origin of high
v values is traditionally attributed to on-site spin fluctua-
tions related to the Kondo effect or to similar many-body
phenomenon affecting the magnitude of the local magnet-
ic moments. They can cause a substantial enhancement
of the effective mass m *, because their magnitude is large
in the whole Brillouin zone. Besides those there are also
the intersite magnetic fluctuations with low characteristic
energies, which can lead to formation of the low-
temperature upturn in C/T.>*> We can still classify the
latter effects into ferromagnetic spin fluctuations
(paramagnons) with (q=0) and antiferromagnetic spin
fluctuations with the wave vector q concentrated around
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a finite Q, which is the propagation vector of the antifer-
romagnetic structure. The antiferromagnetic spin fluc-
tuations can have presumably a better possibility for a
large ¥ enhancement than the ferromagnetic ones, which
are large only in a limited volume around the center of
the Brillouin zone.’® The existence of a T°InT term in
the C(T) dependence was first derived for ferromagnetic
spin fluctuations,?>7 but such a term appears also in a
more general Kondo-lattice model leading to a heavy
Fermi liquid.3® On the other hand, pure antiferromagnet-
ic spin fluctuations, although giving rise to a ¥ enhance-
ment,* do not lead to this logarithmic term due to a
different critical behavior of the ferromagnetic and anti-
ferromagnetic spin fluctuations.”* These theories have
been developed mainly for nearly ferro- or antiferromag-
netic materials. UNiAl, although magnetically ordered,
is close to the onset of magnetism. This is demonstrated
by the low value for the U moments. The observed
py=0.5up is not only much lower than the free f2- or
f3-ion values, which is in fact rather normal for most of
the U intermetallics, but also compared to other ordered
materials with the ZrNiAl structure, where moments of
lug—1.5up per U are typical. For example, UNiGa
displays moments of 1.35u5/U.*! The reason for such
different magnetic properties of UNiGa and UNiAl can
be found in the 5f hybridization with p states, which
should be generally weaker for Ga than for Al. This ten-
dency was indeed also found for other UTAI and UTGa
compounds.® The other indication that UNiAl is close to
the onset of magnetic order is a strong sensitivity to dop-
ing, illustrated by the Y substitution, and also the small
entropy change (estimated'? as 0.14XR In2) associated
with the magnetic phase transition. The other indirect
evidence comes from photoelectron spectroscopy. Both
valence-band and core-level U 4f spectra display only
weak features, which can be attributed to 5f localization
or electron-electron correlations in the 5f band.*

The character of the intersite coupling in UNiAl gives
a possibility of both antiferromagnetic spin fluctuations
around Q=(0,0,1/2) and ferromagnetic (or nearly fer-
romagnetic) ones based on correlations in the basal plane.
The antiferromagnetic correlations are probably the ori-
gin of the broad maximum in x'(7) above Ty. Their
breaking in fields around 10 T is demonstrated by the S
shape of the M'(B) dependencies. Furthermore, the
short-range AF ordering was measured directly by
neutron-diffraction experiments. '3

For direct information about magnetic fluctuations in
the magnetically ordered state, inelastic neutron-
scattering experiments are highly desirable. However,
the progressive increase of ¥ with field applied along the
¢ axis and especially the maximum in y(B) coinciding
practically with the field of the metamagnetic transition
give a clear impression that a substantial portion of y is
related to intersite spin fluctuations. There is a certain
analogy, for example, with the system CeRu,Si,,** which
has a nonmagnetic ground state, but for which AF corre-
lations are demonstrated by the neutron-scattering tech-
nique. A maximum of y is also found here at the
metamagnetic transition around 8 T, where these correla-
tions are suppressed.** On the other hand, the width of



49 ELECTRONIC PROPERTIES OF UNiAl IN HIGH MAGNETIC FIELDS 8861

the quasielastic line, reflecting a local-moment instability
(on-site spin fluctuations) is nearly field independent.

The enhancement of ¥ up to a maximum where the an-
tiferromagnetic correlations are presumably suppressed,
and the development of the T3InT term, could point to a
dominant role of ferromagnetic spin fluctuations. They
can gradually evolve with increasing field from antiferro-
magnetic spin fluctuations, but in the high-field limit they
have to be suppressed again due to the increasing Zeeman
spinning of the spin-up and spin-down levels. The latter
effect can account for the decrease of y above the
metamagnetic transition. The alternative framework for
understanding the depression of ¥ in high fields, which
was used in Ref. 44, is the field effect on the Kondo reso-
nance.

The analogy of UNiAl with CeRu,Si, is, however, not
complete. For the latter compound, which is driven to
the ordered antiferromagnetic state by small substitutions
of La, no y enhancement in field was found.** This sys-
tem, however, also demonstrates the possibility of coex-
istence of long-range order and short-range dynamic anti-
ferromagnetic correlations, indicated by neutron scatter-
ing.*® As to other materials, high-field specific-heat data
are available for the U(Pt,Pd); system, where a similar
enhancement of ¥ around the metamagnetic transition
was found for both UPt; and U(Pty ¢sPd, os)3.4” *° The
discussion in Ref. 48 introduces also the possibility of
field-enhanced ferromagnetic spin fluctuations in essen-
tially antiferromagnetically correlated systems.

Complementary information can be extracted from
studies on substituted UNiAl. A qualitatively similar
monotonic increase of ¥ and a gradually developing
T3InT term are observed up to concentrations of 20% Y
despite the fact that AF correlations are indicated by a
metamagnetic transition and a maximum in ¥(7T) only for
5% and 10% Y. This means that similar enhancement
effects occur also in the compound with a paramagnetic
ground state and that ferromagnetic spin fluctuations, in-
duced here not by external field but by substitution, can
be a plausible source of the ¥ enhancement. On the other
hand, a precipitous drop of y was found in the pseudoter-
nary system UNiAl,_ Ga, in the concentration range
between 20% and 40% Ga.® The fact that the U mag-
netic moments (derived from bulk magnetization in 35 T)
increase rapidly when increasing Ga concentration
through this range?? can point to the importance of on-
site spin fluctuations. Such fluctuations can be responsi-
ble for a considerable portion of the (zero-field) ¥ in UNi-
Al and cause the U-moment reduction.

A variety of different intersite magnetic fluctuations in
the antiferromagnetic state is demonstrated by the anisot-
ropy of the electrical resistance and its field dependence.
When inspecting the low-temperature p(T) behavior for i
in the basal plane, we find that the value of 0.055
uQcmK ™2 for the coefficient a of the quadratic term
gives the ratio a/y?=2X10"%Q cm mol? K?/mJ?,
which fits between transition metal values®' and heavy-
fermion values,”® with the characteristic ratio of
a/y*=0.4X10"% pQcmmol’K%*/mJ®> and 1X107°
ufdcm mol? K2/mJ?, respectively. However, the value
found for i along the c axis (@ =1.38 uQcmK™2) is by a

factor of 5 too high compared even with the heavy-
fermion systematics for a given y value. This situation
points again to the presence of spin fluctuations based on
correlations along the ¢ axis. Theories of itinerant anti-
ferromagnets lead to a divergence of the a coefficient
around the onset of long-range ordering together with a
progressive restriction of the validity of the T2 law to a
smaller temperature range. Instead of this, a lower ex-
ponent (J or 3) characterizes the p(T) dependence over a
more extended temperature range.”> Nevertheless, a
similar behavior with a 3 exponent was predicted®* and
observed® for compounds with ferromagnetic spin fluc-
tuations. Thus, the p(T) behavior only does not give us a
clear-cut distinction between ferromagnetic and antifer-
romagnetic fluctuations, but the importance of fluctua-
tions, originating in the AF correlations along c, is evi-
dent.

Here, we have not studied the field dependence of a,
but the ratio of the high-field values at T=1.5 and 4.2 K
points to a much less steep initial increase in the high-
field limit. However, we can compare this situation with
UNiGa, which has also an AF ground state and the
metamagnetic transition can be achieved in fields below 1
T. Also here the value for a of 2.4X 107! uQ cm K =2 for
the c-axis resistance is too high for a compound with
¥ =59 mJ/mol K2, but this value is reduced by a factor of
5 above the transition.’® The remarkable fact is that the
magnetic moments observed by neutron diffraction are of
the same size below and above the metamagnetic transi-
tion and also the y value stays invariable. This means
that the a-y? relation can be violated.

Large resistance changes connected with the metamag-
netic transitions in antiferromagnets are usually attribut-
ed to the suppression of AF fluctuations and to the disap-
pearance of magnetic superzones when the AF ordering
is suppressed by a magnetic field.2>5” The case of UNiGa
(with presumably more stable magnetic moments), where
the resistance along the c¢ axis drops at the metamagnetic
transition by 87%, also shows how large negative magne-
toresistance effects can be related to a rearrangement of
magnetic structure. This would mean that effects like
decoupling of conduction electrons and magnetic mo-
ments (field-induced breakdown of the Kondo interac-
tion) need not be important. We are, however, in doubt
about the main mechanism of the large negative magne-
toresistance. The observed Fermi-surface reconstruc-
tion?! due to a new periodicity can at least contribute to
the large drop of p in UNiAl, because the field-induced
breakdown of the antiferromagnetic correlations along
the c axis can lead to a suppression of the gapping of part
of the Fermi surface. Another reason can be found in
spin-dependent scattering effects.

Adding all these results together we can try to con-
struct a tentative model based on the existence of fer-
romagnetic spin fluctuations within the basal planes and
antiferromagnetic fluctuations connected with a weaker
antiferromagnetic interplane coupling, the energy of
which is given by the field of the metamagnetic transi-
tion. The intersite fluctuations can contribute to the rela-
tively high y value in the ground state, provided they sur-
vive in the ordered state. Another source of the high y



8862

can be the on-site spin fluctuations.

The field dependence of ¥ can be related to the break-
ing of the AF correlations, enabling thus the population
of low-energy (low-T'gp) ferromagnetic spin fluctuations
(paramagnons), which are based on coupling along the ¢
axis, in the critical region around B,. The insensitivity of
the resistance to these low-q excitations causes the fact
that the most prominent magnetoresistance feature is the
large drop at B,.

If we speculate even further, we can relate the increase
of y for Y-, Co-, and Fe-substituted UNiAl to a reduction
of the strength of the in-plane magnetic coupling, which
leads to paramagnonlike in-plane fluctuations, and/or to
a gradually prevailing ferromagnetic interplanar coupling
allowing a population of the c-axis paramagons in zero
field for the Co and Fe substitutions. This assumption is
corroborated by the observed tendency to ferromagne-
tism for compounds with transition metals with a re-
duced number of d electrons.” However, also here the
role of local spin fluctuations can be important, and a real
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analysis cannot be done on the basis of bulk measure-
ments only. The very fast suppression of long-range mag-
netic order for any of these substitutions shows unambi-
guously that the electronic structure in UNiAl is very
close to the onset of a magnetic instability, and any small
increase of hybridization and possibly also the loss of
supporting Coulomb interactions due to dilution by Y re-
turns the system to the nonmagnetic ground state.
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