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Observation of a metamagnetic transition in the 5f heavy-fermion compound UNi,Alj;:

Magnetization studies up to 90 T for single-crystalline U(Pd;_,Ni,),Al;
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We report an observation of metamagnetism in the 5f-electron heavy-fermion antiferromagnets UNi, Al
at 78 T and U(Pd;_,Ni,),Al; at 30 T (42 T) for x = 0.5 (x = 0.75) using single-crystalline samples. The
magnetization curves for U(Pd,_,Ni,),Al; (x = 0.5 and 0.75) show a sharp increase at the metamagnetic
transition (MMT) field By, strongly indicating their first-order nature. The obtained B-T phase diagram for
x = 0.5 suggests the possible presence of the tricritical point, while the MMT still occurs at high temperatures
above Ty from paramagnetic to polarized-paramagnetic states as a crossover. The results indicate that the
antiferromagnetic order is closely connected to the MMT in U(Pd;_,Ni,),Al;, but the metamagnetic behavior
cannot be explained by the conventional spin flip of antiferromagnetic ordered moments. Our data for
U(Pd;_Ni,),Al; have revealed an empirical linear relation of By (x) oc T, . (x) and a scaling behavior in
magnetic susceptibility of x (T /Tymax)/ Xmax> Where Tyma is the temperature of the susceptibility maximum
[Xmax = X (Tymax)]. Importantly, the critical value of the magnetic polarization at the MMT M, is roughly

unchanged, although the value of susceptibility is notably suppressed with increasing x.

DOLI: 10.1103/PhysRevB.100.165137

I. INTRODUCTION

The metamagnetic transition (MMT) has been extensively
studied to describe the first-order spin-flipping transition in
localized antiferromagnets with a strong anisotropy [1]. Sub-
sequently, itinerant electron systems were also found to ex-
hibit MMT, reflecting ferromagnetic (FM) instabilities and/or
a change of Fermi-surface topology (Lifshitz transition). So
far the itinerant MMT has been extensively studied on d-
and f-electron systems. For instance, the MMT in d-electron
Y(Co, Al), [2,3] is explained by band magnetism, associated
with the Stoner instability [4] and spin-fluctuation effects
[5]. Recently, the itinerant MMT was extensively studied for
the strongly correlated d-electron metallic system Sr3Ru,O7,
which exhibits a pressure-induced FM quantum criticality
[6-10]. Interestingly, novel phases have been observed around
the itinerant MMT, accompanied by the Fermi-surface distor-
tion [8], and the MMT has been explained by the presence
of the so-called FM wing structure [9]. In the case of f-
electron heavy-fermion systems, possessing the dual nature
of f electrons (itinerant and localized characteristics), there is
no systematic understanding of the MMT despite the numer-
ous studies reported so far. The understanding of the origin
of the MMT has become increasingly important, as novel
phenomena accompanied by MMTs have been observed in
strongly correlated electron systems. Recently, it was found
that a spin-density-wave state emerges along with the succes-
sive MMTs near the boundary of the hidden-ordered phase
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in URu,Si, [11-13], whose undefined order parameter has
been intensively debated for more than three decades [14].
Moreover, very recently, the first-order MMT was discovered
at B, =35 T in the novel heavy-fermion superconductor
UTe; [15,16], associated with the field-reentrant superconduc-
tivity near Bp,, indicating close interplay between the MMT
and unconventional Cooper pairing in strongly correlated
5f electrons [17-20].

One of the most typical heavy-fermion metamagnets is
CeRu,Si,, which has a tetragonal crystal structure with a
strong Ising-type anisotropy, that is, xHllc/xHlc ~ 15 at
Tymax of 10 K [21]. In CeRu,Si,, the pseudo-MMT oc-
curs at 7.8 T as a crossover anomaly, marked by a sharp
effective mass enhancement [21-24]. In this paramagnetic
(PM) system, it has been discussed that the MMT is
caused by the itinerant-to-localized crossover [21-25] or
its dramatic change of Fermi surface, leading to a Lifshitz
transition [25-27]. As shown by several studies for pure
CeRu,Si, and its doped systems Ce;_,La,Ru,Si; [28,29] and
Ce(Ru;_,Rh;),Si, [30], competitive antiferromagnetic (AF)
correlations and field-induced ferromagnetism play a key role
in the MMT in CeRu,Si; [31,32]. For 5f-electron systems,
the MMT has been observed in URu,Si, [11,12,33], UPt;
[34], UPd;Als [35-37], UCoAl [38], and UTe; [17-19]. In the
case of UCoAl, the MMT is observed at the weak magnetic
field of 0.6 T [38], and it has been understood that the MMT
occurs owing to the first-order wing structure in the vicinity
of the FM quantum phase transition [39—42]. For the other
uranium systems, little is known about the mechanism of the
MMT phenomena that are seen in high-magnetic fields. It is
therefore of interest to investigate the interplay between the
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magnetic order and MMT in the magnetic phase diagram in
5f heavy-fermion systems.

Our targets in the present paper are the isostructural
UPd,Al; and UNiyAlj, both of which crystallize in a hexag-
onal PrNi, Als-type structure. Interestingly, these two systems
show the coexistence of antiferromagnetism and unconven-
tional superconductivity [43,44]. UPd,Al; undergoes an AF
order with Q = (0,0, 1/2) of the ordered moment m, ~
0.85 ug/U at Ty ~ 14.5 K [45,46], whereas UNi,Al; exhibits
an incommensurate AF order at Ty ~ 4.5 K possessing Q =
(1/2+£71,0,1/2)form, ~ 0.2 ug/U, with t ~ 0.11 [47-49].
In UPd,Als, the magnetic susceptibility y as a function of
temperature x (7') shows a maximum at 7, ~ 35 K in the
PM state [43]. Such a susceptibility maximum is frequently
observed in systems showing a MMT, and there is an empir-
ical linear relation between T,  and the MMT field By, in
various compounds [2,3,50]. For UPd,Als, it was previously
reported that the MMT and the collapse of the AF state
simultaneously occur at 18.5 T [37]. UNi,Als also shows a
susceptibility maximum at 7, ~ 105 K, and hence, its large
energy scale reminds us of the metamagnetic instability in a
much higher field, where no MMT has been observed up to
35 T so far [51]. It is noted that both UPd;Al; and UNi,Als
exhibit the easy-plane type of magnetic anisotropy, and the
susceptibility maximum is seen for easy-magnetization direc-
tions perpendicular to the hexagonal ¢ axis [52,53]. The mag-
netic anisotropy at Tymax in UNi Aly(x 2L/ x Hllc ~ 3) [52] is

smaller than that for UPd, Al;( ngx“ / nguf ~ 6) [53,54].

To explore the MMT in UNi, Alz, we have performed high-
resolution magnetization measurements for single-crystalline
UNi,Al; and U(Pd;_,Ni,),Al; in magnetic fields up to 90 T.
In this paper, we report the observation of metamagnetism in
UNi,Al; at 78 T. Additionally, as quantitative magnetization
measurements under fields higher than 60 T are experimen-
tally very difficult, we also performed detailed high-field
magnetization measurements at various temperatures for the
doped samples of x = 0.5 and 0.75, which are also found
to exhibit the MMT at lower field strengths of 30 and 42 T,

respectively.

II. EXPERIMENTAL PROCEDURES

Single-crystalline U(Pd;_,Ni,),Al; (x =0, 0.3, 0.5, 0.75,
and 1) samples were grown using the Czochralski pulling
method in a tetra-arc furnace. The magnetic susceptibility
was measured from 2 to 300 K by a magnetic properties
measurement system (Quantum Design). The high-field M (B)
measurements of UNi,Als up to 75 T were performed using
a nondestructive pulsed magnet with a duration of 4 ms, and
another with a longer duration of 36 ms was used for M(B)
measurements for U(Pd;_,Ni, ),Al; up to 49 T at low temper-
atures down to 1.4 K. Furthermore, magnetization of UNi, Als
was also measured in fields up to 90 T, using a single-turn coil
in a destructive magnet at 4.2 K [55], where the absolute value
of the magnetization could not be obtained for the metallic
UNi,Al; owing to the experimental difficulty. Magnetic fields
were applied along the easy-magnetization [1120] axis in the
hexagonal basal plane. Here, the low-temperature physical
properties of UN,Alj are strongly sample dependent [56]. Our
sample of single-crystalline UN,Al; shows the AF transition
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FIG. 1. x(T) in U(Pd;_,Ni,),Al; (x =0, 0.5, 0.75, and 1.0),
measured at 0.5 T for B|| [1120], where T, are indicated by arrows.
Inset: The normalized susceptibility x (7')/ x (Tymax) as a function of
T/T,
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at 4.1 K, which is slightly lower than the previously reported
value for polycrystalline samples [56].

III. RESULTS AND DISCUSSION

Figure 1 shows the magnetic susceptibility y (T) = M/B of
U(Pd;_,Ni, ), Al; (x =0, 0.5, 0.75, and 1) in the temperature
range of 2 to 300 K at 0.5 T for B || [1120]. The x (T') curves in
U(Pd;_,Ni, ), Als show pronounced maxima in the PM state
at temperature T, . Interestingly, T,  shifts to higher T,
and the susceptibility maximum xma.x becomes broader with
increasing x. In UNiyAls, x(7T') shows a local minimum at
~25 K, and then x(7T) increases upon cooling down to 7y.
The inset of Fig. 1 shows the normalized magnetic suscepti-
bility x (T)/ x (Tymax) as a function of T' /T, .. Interestingly,
Xx(T)/x(Tymax) for each x obeys the scaling behavior in the
T range from 0.87,  to 77, . This scaling of magnetic
susceptibility implies that there is a similar effect of AF spin
fluctuations in the isostructural system U(Pd;_,Ni,),Al;. For
UNi,Als, x(T) weakly enhances upon cooling down to Ty,
suggesting the presence of another magnetic instability at low
T below 30 K.

Figures 2(a) and 2(b) show M(B) curves for
U(Pd;_Ni,),Al; (x =0, 0.5, 0.75, and 1.0) along with
their derivatives dM(B)/dB. For x =0, the sharp MMT
occurs at around 18.8 T [37]. Interestingly, the MMT is
observed for U(Pd;_,Ni,),Als, and the MMT field B,, shifts
to higher fields with increasing x. Here, we define By, as
the point at which the magnetization derivative shows a
maximum. For UNi,Al;, the onset of metamagnetism is
also observed in M(B) as well as its derivative [Fig. 2(b)]
near 80 T. The inset shows the results of dM(B)/dB for
UNipAls up to 90 T, using a destructive magnet [inset of
Fig. 2(b)]. The maximum in dM(B)/dB strongly suggests
the occurrence of the MMT around 78 T in UNi,Als.
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FIG. 2. (a) The M(B) curves of U(Pd;_,Ni,),Al; (x =0, 0.5,
0.75, and 1.0), measured at 4.2 K for B|| [1120]. (b) The derivative of
the magnetization, dM (B)/dB, where the arrows indicate the MMT
field By,. Inset: The derivative of the magnetization measured in a
destructive magnet.

Owing to the experimental difficulty of high-resolution
magnetization measurements above 70 T, quantitative values
of M(B) and the saturated moment in UNipAl; are still
unclear. Nevertheless, as shown in the inset of Fig. 2(b),
the maximum in dM(B)/dB is clearly seen around 78 T,
compared to the background, providing a strong indication of
the MMT in UNi,Als. In addition, as seen in the quantitative
magnetization curve up to 75 T for UNi, Als, there is a notable
increase in magnetization (large nonlinear susceptibility) near
the MMT, and the magnetization value reaches almost
~0.9up/U at 70 T [Fig. 2(a)]. The magnetization value of
~0.9ug /U just below the MMT is significantly larger than
the magnitude of the incommensurate AF ordered moments
with a maximum amplitude of ~0.2u5 /U [47,48], suggesting
that the high-field magnetization curve in UNi,Al; cannot be
explained by spin flip of magnetic moments with ~0.2ug/U.

Figure 3(a) summarizes 7,  (x), Tx(x), and By(x) for
U(Pd;_,Ni, ), Alj as a function of x. With increasing x, Tn(x)
shows a slight maximum around x = 0.5, which is then sup-
pressed approaching the pure UNi,Als (x = 1). These results
for Tx(x) for single-crystalline samples are in good agree-
ment with previous studies on polycrystalline samples [57].
T},...(x) and Bp,(x) increase with increasing x, unlike 7y (x).
Figure 3(b) shows By, versus T, for U(Pd;_,Ni,),Als along
with results for various itinerant 4f and 5f heavy-fermion
metamagnets [50], indicating linear proportionality between
Bn and Ty, in U(Pd;_Niy),Al;.

Figures 4(a) and 4(b) show M(B) curves for
UPd;_,Ni,),Al; (x =0.5 and 0.75), measured at various
temperatures for B|| [1120]. The very sharp increase in the
M (B) curves at low temperatures provides a strong indication
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FIG. 3. (a) Tn(x), Ty, (x), and By, (x) for U(Pd;_Ni,),Als as
a function of x. (b) The logarithmic plot of By, versus 7, for
U(Pd,_,Ni,)Al; (x = 0,0.30, 0.50, 0.75, and 1.0) along with results
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FIG. 4. The magnetization curves M(B) of U(Pd;_,Ni,),Al;
for (a) x =0.5 and (b) x =0.75 at various 7 along the easy-
magnetization [1120] axis.
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FIG. 5. The temperature dependence of the magnetization M (T')
divided by each field B in U(Pd,_,Ni,),Al; for (a) x =0.5 and
(b) x =0.75.

of the first-order nature of the MMT in U(Pd;_,Ni,),Al;s
(x =0.5 and 0.75). It should also be noted that neither a
phase transition nor anomaly is seen below the first-order
MMT from our high-resolution magnetization measurements.
With increasing 7, the MMT becomes broader and finally
disappears for both Ni concentrations.

Figures 5(a) and 5(b) show M(T)/B at various fields,
obtained from the M (B) curves. As seen in the M(T) data,
with increasing magnetic field, the susceptibility maximum
Ty max (B) shifts to lower temperatures. Although the physical
meaning of the susceptibility maximum remains unclear, it
appears that the AF correlation (spin fluctuations) effect de-
veloping below T max 18 suppressed with increasing B.

Figure 6(a) shows the B-T magnetic phase diagram of
U(Pdy 5Nig 5)2Als for B|| [1120] with a contour plot of mag-
netization M(T, B) [Fig. 4(a)], where the red region indicates
the magnetic moment induced by the MMT. Here, we deter-
mine the MMT field B, (T) to be the field of the peak in
the derivative of the magnetization dM/dB [Fig. 6(b)]. The
sharp peaks of dM/dB at 4.2 and 10 K indicate the first-order
phase transition (solid diamonds) at B, as already seen in the
clear step behavior at B, in M (B). It is noted that By, slightly
shifts to weaker fields when below 15 K but to stronger fields
when above 15 K. We also show the AF transition temperature
Tn(B) obtained from specific-heat C(T ) measurements, which
will be reported elsewhere in more detail. Specific-heat data
suggest that the AF transition at 7y (B) is second order, and
no phase transition is observed below the MMT, as seen in
the M(B) curves [Figs. 4(a) and 4(b)]. In Fig. 6(a), although
the behavior of the AF phase above 15 T is still unclear
at present, it seems that the line of the second-order phase
transition of 7x(B) meets the metamagnetic field By, (T) (first
order below Ty) almost perpendicularly. In general, the line
of second-order phase transition 7y(B) should not terminate
at a critical end point, and the AF ordered phase is clearly
distinguished from the PM state, possessing an order param-
eter. Our data and the obtained B-T phase diagram suggest
the presence of the tricritical pointat7 = 15 Kand B=30T
in U(Pdy sNig.s)2Als, where the second-order phase transition
is changed to the first-order one [red diamond in Fig. 6(a)].
Therefore, below 7 = 15 K the MMT occurs just at the
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FIG. 6. (a) The B-T phase diagram with the contour plot of
magnetization M (T, B) of U(Pd,sNigs),Al; for B|| [1120], where
the lines are guides to the eyes. Here, B, (T') was determined from
the peak in dM/dB, and Ty(B) was obtained from the specific-heat
measurements (raw data not shown). 7, . (B), obtained from the
M(T) data [Fig. 5(a)] is also plotted. (b) dM/dB in U(Pd, 5sNig 5),Als
for B|| [1120].

critical field of the AF order (B, = B.). For x = 0.75 the mag-
netic phase diagram is similar, although the first-order transi-
tion becomes broader than that for x = 0.5, presumably owing
to disorder effects. The obtained magnetic phase diagram in
the doped U(Pd;_,Ni, ), Alj is analogous to UPd;Al; [58,59].

It is noted that the MMT is observed in the PM state well
above Ty, with B, (T') shifting to higher fields with increasing
T [Figs. 6(a) and 6(b)]. In addition, no field-induced phase
transition is observed in dM (B)/d B data below By, [Fig. 6(b)],
suggesting that the MMT above 7y is a crossover anomaly
without the symmetry change from the PM to polarized-
paramagnetic (PPM) states in U(Pd;_,Ni,),Al;. The occur-
rence of the crossover MMT from the PM to PPM states
well above Ty [Fig. 6(b)] cannot be explained by the spin-flip
transition of the localized AF ordered moments.

The observation of the MMT from the PM to PPM states
(well above Ty) may be consistent with the occurrence of
a Lifshitz transition (without a change in symmetry) in
U(Pd;_,Ni,),Als, but further experimental studies are nec-
essary to prove this type of transition occurs. According to
previous de Haas—van Alphen (dHvA) studies [60,61], which
agree with band calculations [62,63], a change of the topology
of the Fermi surface has been observed through the MMT
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in UPd,;Al;. However, the quantum oscillations in UPd,Al;
have been observed at low temperatures (7 ~ 30 mK <« Ty).
As the change in the Fermi surface should occur owing to
the unfolding of the Brillouin zone, the dHVA measurements
cannot be a demonstration of a Lifshitz transition in UPd, Al;.
Recent thermoelectric power measurements may support the
occurrence of a Lifshitz transition at B, in UPd,Al; [64],
but further studies are necessary to clarify this point for the
isostructural system of U(Pd;_,Ni, ), Als.

An important outcome of this study is the finding that
the MMT is intimately connected with the AF correlation in
U(Pd;_,Ni,),Al;. As seen in Fig. 3(a), the energy scale of
the MMT (B, and T} ax) becomes very large above x = 0.5,
compared to the values of 7y. Nevertheless, for UNipAls, in
which the Néel temperature is small (7= 4.1 K) compared
to UPd,Als, the AF order (spin-density-wave order) is robust
in strong magnetic fields, and a decoupling of the AF order
and the MMT does not occur in this compound; no phase
transition was seen in dM/dB up to By, for UNi,Als. Here,
it is noteworthy to compare U(Pd;_,Ni,),Als with CeRu,Si,
and its doped systems. For Ce;_,La,Ru,Si, (above x = 0.08)
[29], it was reported that the low-T ground state is an AF order
and the MMT occurs as a first-order phase transition, analo-
gous to U(Pd;_,Ni,),Als, although the MMT is a crossover
anomaly in pure CeRu,Si;. Going to the pure CeRu,Si, lattice
leads to a PM ground state, while a sharp crossover MMT
occurs at By, ~ 7.8 T, caused by the drastic change in the
Fermi surface [24]. A key point is that this MMT crossover
occurs for a constant value of the magnetization in CeRu,Si,
and its doped systems: it is considered that the magnetic
polarization drives a Fermi surface reconstruction and thus a
drastic change in the nature of the correlation.

As seen in Fig. 6(a), the crossover lines of Tymax(B) and
B (T) meet at the tricritical point. As the low-7 ground
state below Ty(B) is embedded into the lower-field region
below T max (B), it appears that AF fluctuations develop below
Ty max (B). This behavior implies that the MMT is caused by
competition between the low-field AF regime and the PPM
state. For CeRu,Si,, an inelastic neutron scattering study re-
vealed a magnetic-field-induced FM correlation coupled to the
MMT [31,32]. As no criticality in AF fluctuations appears on
increasing magnetic field towards By, it is considered that the
driving mechanism is the Lifshitz transition at By, in CeRu,Si,
[31]. Here, although the types of magnetic anisotropy are dif-
ferent between U(Pd;_,Ni, ), Als (easy-plane anisotropy) and
CeRu,Si; (strong Ising-type anisotropy) [21], the phenomena
of susceptibility maximum and MMT occur for the easy-
magnetization directions in the two aforementioned systems.
By contrast, in the novel uranium superconductor UTe,, the
first-order MMT occurs when a magnetic field is applied along
the hard-magnetization axis (H || b) [17-19], for which the
broad maximum of magnetic susceptibility appears at around
35 K [65]. Interestingly, the reentrant superconductivity oc-
curs for the hard-magnetization axis (H || b) [20]. It will be
important to determine which type of AF fluctuation develops
below Tymax(B) and to explore field-induced magnetic fluctu-
ations in U(Pd;_,Ni, ), Als, compared with those in CeRu,Si;
and UTe,.

Another interesting MMT system to compare with our
results is YbInCuy4, which shows a first-order valence
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FIG. 7. (a) xmax and low-T susceptibility value x, (the values
linearly extrapolated to 7 = 0 K below 7Ty) in U(Pd;_,Ni,),Al; as a
function of Ni concentration x for B|| [1120]. (b) xmax, x(T = Tx)
(the susceptibility values in the PM state just above 7y), and x, as
a function of 1/T,ma in U(Pd;_Ni,),Als. Here, the dashed linear
lines are guides to the eye.

transition at 7, = 42 K [66,67]. In this compound, the first-
order MMT occurs together with a valence transition at a mag-
netic field By,. Interestingly, the obtained relation of By, (x) and
Ty max (x) for U(Pd;_(Ni,)2Al3 is reminiscent of an empirical
linear relation between By (x) and 7,(x) in YbIn;_,Ag Cuy
[68,69], although the transition at 7,(x) in YbIn;_,Ag Cuy
is first order, unlike the crossover anomaly at T)max(x) in
U(Pd;_,Ni,),>Als. It should be noted, however, that the nature
of the B-T phase diagram is clearly distinguished between
U(Pd;_,Ni,),Al; and YbInCuy; while the tricritical point
is present in the B-T phase diagram for U(Pd;_,Ni,),Als,
the MMT is always first order in the doped YbIn;_,Ag Cuy
and the pure system under high pressures [67]. Additionally,
unlike U(Pd;_,Ni, ),Al;, the MMT does not occur from the
PM to PPM states in Ybln;_,Ag,Cuy, suggesting that the
MMT is governed by different origins in the above Yb and
U systems.

Finally, we examine the relation between the magnetic
susceptibility (¥max and the low-T value xo) and Ty max. Here,
the value of yj is the value of magnetic susceptibility linearly
extrapolated to T = 0 K, which is also the initial slope of the
magnetization curve M(B) (B < By) atT = 0 K. Figure 7(a)
shows the Ni concentration evolution of Ypax(x) = x (T, X)
and xo(x). The decrease in xnyax and o is roughly linear in x
[Fig. 7(a)]. Figure 7(b) shows xmax, x (T =~1xn), and xo as a
function of 1/7T,max for U(Pd;_Ni,),Alz, where x (T =~ 1y)
is defined as the susceptibility value in the PM state just above
In. Interestingly, as seen in Fig. 7(b), xmax, x (T =~ Tx), and
Xo are proportional to 1/7Tymay. Using the relation By, o< Ty, .,
we find a roughly linear relation of ymax o x (T =~ Ty)
X0 < 1/Tymax < 1/By. The relation xo o< 1/By, implies
that the magnetization at the onset of the MMT is roughly
independent of x, as xo is the initial slope of the M(B) curve
at low temperatures. As seen in Fig. 2(a), owing to the large
nonlinear susceptibility below B, the values of My ~ xoBn
slightly change with increasing x. It is noted that the magneti-
zation value at the midpoint of the MMT is almost unchanged
(~0.9up/U). As seen in Fig. 4(a), the M(B) curves for 4.2
and 15 K (~Ty ~ T¢) cross each other at around the midpoint
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of the MMT. As the line of Tx(B) is perpendicular to By, (T')
in the B-T phase diagram, the magnetization at the midpoint
of the MMT is roughly estimated to be the critical value at
the tricritical point [M, = x(T = Tet)Bm ~ x (T =~ Tn)Bn].

As reported previously for polycrystalline samples of
U(Pd;_,Niy,),Al;, the entropy for a 5f electron at around
the temperature of susceptibility maximum Tymax(x) is al-
most constant for whole Ni concentrations [Ss¢(Tymax) =
const] [57], while the magnetic entropy Ssp(Tn) at Tn(x)
significantly decreases with increasing x; Ssy(Ty) = 0.16R
and 0.01R for x = 0 and x = 1, respectively [70]. At Ty max,
the free energy of thermally fluctuating AF moments of
5f electrons is roughly estimated to be —7ymaxS5s(Tymax)-
The MMT probably occurs when the Zeeman energy of the
magnetic polarization (—MB) approaches the free energy
of —TymaxS5¢(Tymax ). Therefore, it appears that the MMT in
U(Pd;_,Ni,),Al; is dominated by the unchanged threshold

M, = Tg"“‘ Ss¢(Tymax )], although the energy scale of the AF
correlation effect that develops below Ty max becomes larger
with increasing Ni doping. As pointed out previously, simi-
lar behavior was reported in CeRu,Si, under high pressure
[71]: again, the MMT is driven by a critical value of the
magnetization. Here, the saturated magnetic moment above
B, and the discontinuity of magnetization AM are reduced in
U(Pd;_,Ni, ), Al; with increasing x (x = 0, 0.5, and 0.75); the
understanding of this behavior is left for future study.

IV. SUMMARY

In summary, our high-resolution magnetization
measurements up to 90 T using single-crystalline samples
have revealed the occurrence of the MMT in pure UNiAls
as well as doped U(Pd;_,Ni,),Als;. For x = 0.5 and 0.75,
the observed M(B) curves show a sharp step at the MMT
field By, providing a strong indication of its first-order

nature. The MMT is still observed above Ty as a crossover
anomaly with no symmetry change, suggesting that the MMT
in U(Pd;_,Ni,),Als is not explained by the conventional
spin flip of AF localized moments. The obtained magnetic
phase diagram for x = 0.5 suggests the presence of a
tricritical point in U(Pd;_,Ni,),Als, analogous to UPd;Al;.
The first-order MMT may occur owing to the competition
between the field-induced new instability and the AF regime
for T <1IN(B) < Tymax- We found the scaling behavior of
X(T/Tnax)/ Xmax = f(T/Tymax) and the linear relation of
B (x) o¢ Tymax (x); the MMT is linearly scaled by the energy
scale of AF spin fluctuations developing below Tymax With
Ni doping. Whereas the magnetic susceptibility is strongly
suppressed with increasing x, the obtained relation of
Xmax X Xo & 1/Tmax indicates that the critical value of the
magnetic polarization at the MMT is almost unchanged in
U(Pd;_,Ni,),Al;.
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