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The tetragonal intermetallic compounds U,Pd,In and U,Pd,Sn have been studied by means of magnet-
ic susceptibility, magnetization, specific heat, electrical resistivity, and x-ray- and neutron-diffraction
techniques. The compounds order antiferromagnetically at 36 and 41 K, respectively, and have
enhanced electronic specific-heat coefficients ¥ of 393 and 203 mJ/mol f.u. K2, respectively. At low tem-
perature, the nearest-neighbor U-U spacing is along the ¢ axis in both compounds, though in U,Pd,Sn
the in-plane U-U distance is shorter at room temperature. This crossover is due to motion of the U
atoms within the cell rather than anisotropy of the thermal contraction. It is now well established in
several classes of (1:1:1) uranium ternary intermetallic compounds that the strong magnetic anisotropy is
correlated with the direction of nearest-neighbor U-U links; the moments are almost invariably oriented
perpendicular to such links. This is also the case for U,Pd,In and U,Pd,Sn, where the moments lie in
the tetragonal basal plane in a canted arrangement along [110] and [110] directions. Of four such Shub-
nikov subgroups of P4/mbm, one is clearly preferred by the data. At 10 K, the magnetic moments ex-
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tracted are (1.6+0.2)up and (2.0£0.1)up per U atom in U,Pd,In and U,Pd,Sn, respectively.

I. INTRODUCTION

Several groups of uranium intermetallic compounds of
composition UTX, where T is a transition-metal element
and X is a p-electron metal, have been studied! * with
the intent to understand the role of 5f-d hybridization in
U-moment formation. Moving across the Periodic Table
towards the end of the transition-metal series, the 5f-d
hybridization is generally reduced, allowing U-moment
formation and magnetic ordering. In almost all ternary
uranium intermetallic compounds, it has been found that
the U moments are systematically aligned perpendicular
to the directions of nearest-neighbor U-U links. The
physical rationale for this is that the uranium 5f elec-
trons are strongly hybridized in these directions. This
leads to a compression of the 5f charge towards the U-U
links. The associated orbital moment is then oriented
perpendicular to these links. Such arguments have been
shown to apply quantitatively in cubic Ce compounds.’

Recently, a large number of compounds of comparison
U,T,X crystallizing in tetragonal U,Si, structure has
been studied.®”® The first reported® member of this
group was U,Co,Al. The nearest U-U distance for most
of them is along the ¢ axis. Based on the phenomenologi-
cal approach above, we expect the U moment to lie in the
tetragonal basal plane; i.e., they have in-plane anisotropy.
Two compounds, namely U,Ni,Sn and U,Pd,Sn, were re-
ported to have nearest U-U neighbors in the basal plane
rather than along the ¢ axis. U,Pd,Sn is more critical in
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a sense that the difference between the nearest U-U dis-
tance and the next-nearest U-U distance, which is ¢, is
much smaller than that of U,Ni,Sn.°

In this paper, we report results on two compounds:
U,Pd,In and U,Pd,Sn, studied by bulk techniques and
neutron diffraction.

II. METHODS

Polycrystalline samples were prepared by arc melting
stoichiometric amounts of constituents of at least 99.99%
purity. The phase purity was checked by a powder x-ray
diffraction, which indicated a single-phase character of
U,Pd,In. In the U,Pd,Sn sample a small amount
(5-10 %) of an unidentified phase was detected. There-
fore, the large sample of U,Pd,Sn for neutron diffraction
(about 25 g) was annealed in a W crucible sealed under
vacuum. The 10-day treatment at about 850°C reduced
the amount of the extra phase to the detectability limit of
x-ray diffraction. Nevertheless, a very small amount of
an unidentified extra phase was still visible in the
neutron-diffraction patterns.

The crystal structure of both compounds was studied
at room temperature using a four-circle x-ray
diffractometer with graphite monochromated Mo-K,
(A=0.7107 A) radiation. For this study, small single-
crystalline pieces were obtained by mechanical fragmen-
tation of the cast material. Intensity data were collected
in one octant of reciprocal space in the »-26 scan mode.
The structure refinement was carried out on a Microvax
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II computer using the Enraf-Nonius SPD program sys-
tem.

The temperature dependence of the magnetic suscepti-
bility was measured in fields up to 5 T in an Oxford In-
struments Faraday balance system (U,Pd,Sn) and in a
Quantum Design SQUID susceptometer (U,Pd,In). To
prevent the influence of texture in the cast material, we
studied samples in the form of powder fixed in a random
orientation by a glue. We have also pursued magnetiza-
tion studies at 4.2 K in high magnetic fields using the
High Field Installation of the University of Amsterdam.
This equipment allows measurement of magnetization in
a quasistatic regime, in which the field is kept constant
for about 0.1 s. Alternatively, one can measure magneti-
zation during continuous field sweeps up and down. Two
types of powder sample consisting of grains smaller than
100 um were investigated. First, the particles are free to
be oriented by the applied field, and second, they are fixed
in a random orientation by frozen alcohol. In most cases,
the free-powder experiment is thought to represent a
measurement on a single crystal along the easy magneti-
zation direction, whereas the fixed powder represents an
“ideal” polycrystal. Consequently, the value of the free
powder magnetization My, is usually larger than the
magnetization My, of the fixed powder. By comparing
both results, information about the type of magnetocrys-
talline anisotropy can be obtained. A standard ac four-
probe method was used for resistivity measurements.
Specific heat was measured down to 1.2 K in fields be-
tween O and 5 T by a semiadiabatic method.

For neutron-diffraction experiments, the samples were
ground and enclosed with helium gas in sealed vanadium
tubes which were mounted on the cold finger of a
computer-controlled closed-cycle helium refrigerator.
This, in turn, was installed on the High Intensity Powder
Diffractometer'® (HIPD) at the Los Alamos pulsed spal-
lation neutron source LANSCE. HIPD currently has 8
banks of detectors at 20=+153°, £90°, +40°, and +14°.
Data were taken at 50, 25, and 10 K for U,Pd,In and 50,
38, 35, and 10 K for U,Pd,Sn. The diffraction patterns
were analyzed using the Rietveld refinement program
GSAS which can refine the magnetic structure along with
the crystallographic structure.!! The magnetic intensities
were also analyzed by extracting integrated intensities for
individual peaks and fitting to models for the magnetic
structures.

III. EXPERIMENTAL RESULTS
A. Crystal structure

U,Pd,X, where X can either be In or Sn, crystallizes in
the tetragonal U,Si,-type structure!? (space group
P4/mbm). The uranium atoms occupy the 44 positions,
palladium the 4g, and the X atoms the 2a sites. A
schematic view of the structure and a projection onto
tetragonal basal plane is shown in Fig. 1. As seen from
Fig. 1(a), the structure consists of two alternating types of
basal plane sheets separated by c /2, one containing only
the U atoms, the other accommodating Pd and X atoms.
Its projection onto the tetragonal basal plane is shown in
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Fig. 1(b). Note that each uranium atom lies at the inter-
section of two mirror planes, one perpendicular to the ¢
axis and the other shown by the dot-dashed line. The
refined structural parameters, obtained from the x-ray-
diffraction pattern taken at room temperature and from
neutron diffraction at 50 K (the highest temperature at
which the neutron experiments were performed), are list-
ed in Table 1.

The nearest U-U distances along the c axis (d, =c) and
in the a-b plane (d, =2\/§axU) are shown in Figs. 1(a)
and 1(b), respectively. d is greater than d, at all temper-
atures measured for U,Pd,In, but in U,Pd,Sn, they are
almost identical. For U,Pd,Sn, the temperature depen-
dences of d| and d, are shown in Fig. 2(a). At high tem-
perature the nearest interuranium distance is d;. Howev-
er, a crossover occurs at about 225 K and at low temper-
ature, the nearest interuranium distance is d,. In princi-
ple, the crossover could be due either to an anisotropic
thermal contraction or to a change of U position (xy;)
within the cell, or to a combination of the two.

Figure 2(b) shows three different curves as a function of
temperature for U,Pd,Sn. One of them is the T depen-

—-=== mirror planes

FIG. 1.

The crystallographic structure of U,Pd,X, with
X=In and Sn: (a) schematic view, showing the nearest U-U dis-
tance in ¢ direction d;, =c and (b) projected onto a plane perpen-
dicular to the c axis, showing the nearest U-U distance in tetrag-
onal basal plane d =2\/§axu. The atom sizes are not drawn to
scale, but the atom coordinates within the cell are drawn to
scale.
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TABLE 1. Refined structural parameters for U,Pd,In and U,Pd,Sn at 50 K (neutron) and 300 K (x-ray).

Uzpdzln

U,Pd,Sn

Space group P4/mbm

U(4h) Xy, xy+i, 1
Pd(4g) Xpd» Xpa+ 1 0
X (2a) 0, 0, 0

Lattice parameters

R factors for 6 histograms (50 K)

xy=0.174536+0.000031 (50 K)

0.174 38+0.000034 (300 K)
xpg=0.371323+0.000044 (50 K)
0.37157+0.00075 (300 K)

a(A)=7.62315+0.00032 (50 K)
7.637+0.003 (300 K)

¢(A)=3.73934+0.000 16 (50 K)
3.752+0.001 (300 K)

R,,=4.72%

R,=3.24%

Reduced y?=5.467

0.176 561£0.000036 (50 K)
0.175 67+0.00045 (300 K)
0.373159+0.000048 (50 K)
0.37258+0.001 04 (300 K)

7.588 561+0.00027 (50 K)
7.6031+0.002 (300 K)
3.77173+0.000 14 (50 K)
3.785+0.001 (300 K)
6.35%

4.20%

9.796

dence of d, and the other two are dll(xU)=(2V§ExU)
and du(a)=(2\/2afu), where @ and X are the mean
values of a and x, respectively. Clearly, the crossover
occurs between d, and d(xy), not between d, and d(a).
The expansion of d; as the temperature is reduced is
therefore due to temperature variation of U positions
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FIG. 2. Temperature dependence of the nearest uranium-
uranium distance: (a) perpendicular d, (O) and in tetragonal
basal plane d| (O) for U,Pd,Sn. The two curves cross each oth-
er at about 225 K. (b) d, (O) is plotted again, along with suit-
ably scaled variations of a (00) and xy (Q). This figure shows
definitively that the temperature variation of xy is responsible
for the anomalous behavior of d;.

within the cell and not to anisotropic thermal contrac-
tion.

B. Magnetic properties

1. Bulk measurements

(a) Magnetic susceptibility and magnetization. The
temperature dependence of the magnetic susceptibility ¥
of U,Pd,In was measured at 0.1, 1, 2, and 4 T. Since
there is almost no field dependence of ), we display in
Fig. 3(a) only results obtained in 4 T. The characteristic
maximum of y, marking the onset of antiferromagnetic
ordering, occurs just below 40 K. In the low-temperature
limit, y decreases to about 15.7 X 10~ 8 m*/mol; , .

In the paramagnetic range, the x(T) data follow ap-
proximately Curie-Weiss (CW) behavior:

X=C/T—0,). (1)

Equation (1) fits the data well above 100 K, with
paramagnetic Curie temperature ®, = —83 K and Curie
constant C=3.1X107° m*® K/mol;, yielding an effective
moment p.s=3.1up /U atom. Assuming a modified
Curie-Weiss (MCW) law,

X=C/(T—=0,)+x,, )

containing the temperature-independent term Y, a more
reasonable fit is achieved in the range 70-330 K. Now
the fitting parameters are C=2.02X 10> m®K/mol;,
(Heg=2.1 pg/U  atom), 6,=-32.3 K, and
Xo=1.9%X10"% m? /mol; , . Nevertheless, the success of
the MCW fit does not necessarily mean the presence of a
temperature-independent  contribution. Experience
shows that very similar behavior can be due to a poly-
crystalline averaging in anisotropic compounds of several
CW branches differing, for example, in the ®, value.
U,Pd,Sn displays qualitatively similar behavior [see
Fig. 3(b)]. The susceptibility maximum is found at about
43 K and at low temperatures Y decreases to about
12X107% m®/mol;,. A closer inspection of the
paramagnetic range shows that, unlike U,Pd,In, the Sn
compound follows a Curie-Weiss behavior (1) over the
temperature range 60—200 K. In this range, we obtain
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Mer=2.83 pp/U and ®,=-—50 K. By the high-
temperature end (above 240 K), the y(T) dependence
tends to larger values of u.s (about 3.1up/U) and to
@1, =~ —100 K. Alternatively, one can zlso use the MCW
law (2), which accounts for the y(T) dependence at tem-
peratures above 120 K. The fitting parameters are
C=1.94X107"> m* K/mol; (Leg=2-515 /U),
Xo=1.4X10"%m*/mol;, , and ®,= —30.3 K. Below 60
K, the x(T) dependence levels out and the Néel tempera-
ture is manifest as a drop of y at 41 K.

Complementary information on the magnetic state can
be obtained from high-field magnetization studies. Fig-
ure 4 shows such data from both compounds up to 38 T.
In U,Pd,In, there is a clear evidence of a field-induced
transition at 25 T. For powder frozen in alcohol, the
magnetization above the transition continues to increase
with magnetic field (showing only a slow saturation ten-
dency) yielding 0.83 upz /U in 38 T. This value is still far
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FIG. 3. Temperature dependence of the inverse susceptibility
of (a) U,Pd,In and (b) U,Pd,Sn. The dotted lines represent the
fits to the modified Curie-Weiss law [see Eq. (2)] and the dot-
dashed line in (b) a fit to the Curie-Weiss law [see Eq. (1)] with
parameters described in text. For (b), the inset shows the low-
temperature part of y(T) with arrow indicating the Néel tem-
perature.
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from the saturation magnetization of 1.45 ug /U estimat-
ed from the linear extrapolation of M vs 1/B plot to
1/B =0. The metamagnetic transition is also manifest in
the free-powder measurement, but surprisingly the incre-
ment of M in the transition is much reduced and only
0.63u5 /U is attained in 38 T. The fact that the free-
powder magnetization is smaller in fields above the tran-
sition is rather exceptional and may be understood if the
easy magnetization direction (direction of the largest sus-
ceptibility) in fields below 25 T is perpendicular to that in
which the metamagnetic transition can be induced
around 25 T. The lower fields (where, indeed,
M. .. > Mg, ) orient powder grains with the latter direc-
tion perpendicular to the magnetic field. Then the
metamagnetic transition cannot be achieved and the
spurious effect on the magnetization curve above 25 T is
due to certain amount of grains poorly oriented in low
fields. To solve this puzzle, single-crystal magnetization
data are strongly desired, but we can conclude that
U,Pd,In does not have strong uniaxial anisotropy.

For U,Pd,Sn, no such clear transition is achieved in

1.0 T T .
U,Pd,In (a)

M (ug/U atom)

=
o
-
o .
o

=]
5 fixed
3 0.2 powder
=

0.0 - : :

0 10 20 30 40
B (T)

FIG. 4. Magnetization curves of (a) U,Pd,In and (b) U,Pd,Sn
at 4.2 K measured on free powder (@) and fixed powder (O)
samples. The solid lines represent the continuous-field-sweep
measurements, which show noticeable hysteresis around the
metamagnetic transition for U,Pd,In.
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the available fields. Both M (B) branches are approxi-
mately linear and similar to those measured in the
U,Pd,In sample in fields below 25 T. However, a close
inspection shows that the free-powder branch displays a
weak S shape with inflection point at about 10 T. In this
case, conclusions on the nature of the magnetization pro-
cess also require single-crystal experiments.

(b) Specific heat. The specific heat of U,Pd,In,
displayed in Fig. 5, is dominated by a pronounced anom-
aly at 36 K (connected with the paramagnetic-
antiferromagnetic phase transition): as usual, this tem-
perature is somewhat lower than the temperature of the
susceptibility maximum.'? In the range above 55 K, the
specific heat can be well described by Debye model for
the lattice specific heat with a Debye temperature
®, =185 K, assuming a linear coefficient of the electron-
ic specific heat y,=65 mJ/mol;, K> The effect of a
magnetic field of 5 T on the temperature dependence of
the specific heat is almost negligible. This applies also to
the low-temperature upturn, shown in Fig. 6, indicating
that it is intrinsic.

We have tried to check whether the upturn can be de-
scribed by an additional logarithmic term, which can be
attributed, for example, to spin fluctuations (paramag-
nons),’* C4x=8T>InT. In this context, we found that a
reasonable agreement with experimental data over a
significant temperature range can only be obtained if we
also consider a magnon contribution
Conagnon =aT'/?exp(—A/T). This describes the magnetic
excitations across an anisotropic gap A in the magnon
spectrum.'® Thus, we have fitted the low-temperature (up
to 15 K) experimental data to the expression

C=yT+B*T3+8T*InT+aT' ?exp(—A/T)  (3)

with  the parameters y=0.393  J/mol;, K?
B*=—0.0055 J/mol;, K% &=0.00211 J/mol;, K*,
a=17.405 J/mol, , K*/?, and A=27 K. The presence of
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magnonlike excitations with moderate A can indeed be
considered in a system of planar type of anisotropy. We
assume the functional form

B*=B—8InTy, 4)

where =0.0015 J/mol;, K* describes the low-
temperature part of the Debye function extracted from C
vs T in the paramagnetic range. The characteristic tem-
perature of spin fluctuations T is approximately 30 K.
The magnetic entropy obtained as

50 K
S, = fo (C/T = Cpapye /TVAT (5)

and normalized to 1 mol of U gives about 1.1R In2.

In U,Pd,Sn, the magnetic phase transition shows up as
a pronounced maximum at 7 =41.2 K, and the max-
imum shifts to slightly lower temperatures (by about 0.2
K) in B=5 T. Note that the different character of the
maximum in U,Pd,In, which points to a different critical
behavior, does not allow a comparable resolution in the
determination of Ty and, therefore, we cannot exclude a
similar shift in external fields. The high-temperature part
can be described by a Debye function assuming ®, =212
K. The other assumption, y,=0, is somewhat unrealistic
for a metallic specimen. Nevertheless, we tried to use
such a background function to estimate the magnetic en-
tropy using expression (5). Integrating up to 80 K, where
C /T —Cpepye /T goes to 0, we obtain a magnetic entropy
of about 2R In2. This should be understood as an upper
limit, because the actual y=203 mJ/mol;, K* is
significantly higher than y,,.

The difference between y =(C /T)r_, and v, obtained
by extrapolation from the paramagnetic range, can nor-
mally be attributed to variations of N (Ef), the density of
electronic states at the Fermi level. However, the mag-
netic ordering is normally expected to remove part of the
single-particle electron density of states from E, which
leads to a decrease of the electronic contribution to C in

T (K)
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the ordered state. Alternatively, one can think of varia-
tions of the lattice contribution to C or of a quasiparticle
spectrum in the ordered state leading to y >y, In any
case, such a situation makes any subtraction of the lattice
contribution more speculative. Attempting to perform a
lower limit for the entropy estimate, we can calculate the
same expression upon lifting Cppy. /7 up by the y value
of 0.203 J/mol;, K2, which yields 0.95R In2. Assuming
such a background, we can also analyze terms in expres-
sion (3), in which the logarithmic term can be neglected
due to the absence of any low-temperature upturn. The
fitting results in @=4.9 J/mol;, K*/? and A=27 K, and
the fit describes the data well up to about 30 K.

The upper limits of integration in expression (5) are
higher than the corresponding values of Ty. The reason
is that a considerable portion of magnetic entropy lies
above Ty, as seen from Fig. 5. This effect, which can be
attributed to short-range order in the paramagnetic state,
is more pronounced in U,Pd,Sn. It is also qualitatively
consistent with a stronger departure from the CW

600 ; .
U2Pd21n
500 | 1
~ 400
g
Q
c
2 300
Q
200 U,Pd,Sn
100 : . ' . :
0 50 100 150 200 250 300

T (K)

FIG. 7. Temperature dependence of the resistivity of
U,Pd,In and U,Pd,Sn.

behavior of susceptibility in this compound.

(c) Electrical resistivity. Electrical resistivity was mea-
sured on bar-shaped samples cut from the cast button.
Due to the possible influence of anisotropy in materials
with a cast texture, the data should be interpreted with
caution. Although both materials reveal anomalies at
their Néel temperatures, their behavior is qualitatively
different, especially at high temperatures. Figure 7 shows
the temperature dependence of p in U,Pd,In and
U,Pd,Sn. The high-temperature p(T) curve for U,Pd,Sn
is quite flat above Ty and tends progressively to satura-
tion with dp/dT remaining positive. For U,Pd,In, we
observe a larger and negative slope. The uncertainty in
absolute values of p is largely due to internal cracks, so
we are unsure how significant the difference between the
two compounds is. But the order of magnitude of hun-
dreds of uQ cm is rather standard in narrow 5f-band ma-
terials.

The temperature range studied first (dlown to 5 K) does
not allow us to observe the saturation of p(T) in the low-
temperature limit. Therefore, for U,Pd,In, we extended
the range down to 150 mK. Surprisingly, no quadratic
p(T) dependence could be found. Instead, the initial in-
crease of p is much slower and can be described by the
power law:

p=potaT" (6)

with  py=387.8 uQd cm,
n=1.36.

a=147puQcmK™", and

2. Neutron diffraction

Figure 8 shows some of the raw data from U,Pd,In
taken in the +90° bank of HIPD at two temperatures (10
and 25 K) below Ty and one temperature (50 K) above
Ty. The bottom plot is a difference curve between the
10- and 50-K raw data for the +90° bank combined with
the —90° bank. Figure 9 shows some of raw data of
U,Pd,In taken in the +153° bank of HIPD at three tem-
peratures (10, 35, and 38 K) below T and one tempera-
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FIG. 8. Plot of a portion of the U,Pd,In raw neutron-
diffraction data taken in the +90° bank of HIPD at three tem-
peratures: (a) at 50 K, (b) at 25 K, (c) at 10 K. As the tempera-
ture is lowered, an extra peak appears at about 3.35 A, indexed
as (101) in tetragonal symmetry. The bottom plot (d) is the
10-50 K difference curve. The intensities have been divided by
the incident spectrum.

ture (50 K) above Ty. The bottom plot is a difference
curve between the 10- and 50-K raw data for the +153°
bank combined with the —153° bank. As shown in Figs.
8 and 9, a pure magnetic contribution appears as an extra
peak below Ty at about 3.4 A for both compounds. This
extra magnetic peak is indexable as (101) in the tetrago-
nal cell, and we assume that the magnetic cell is the same
as the nuclear one.

Apart from this extra peak, there are some peaks with
higher observed intensities below T, and we also attri-
bute these increases to magnetic ordering. Those peaks
are (111), (210), (200) for both compounds and in addition

J

{4 siny sin(27x yk)cos(2mxyh)}? for (h +k) odd ,
Ter= l{4smnsm(217th)cos (2mxyk)}* for (h +k) even

{

{

Iy [

where 7 is the angle between the moment direction and
the reciprocal lattice vector for the corresponding Bragg
reflection. The subscripts C1 and C2 correspond to the
models represented by Figs. 11(a) and 11(b), respectively.
Note that there is no third Miller index (/) dependence,
as all four uranium atoms lie at z =1. Clearly, all 10/
reflections (including 100 reflection) have nonzero intensi-

4siny sin(2mxyh)sin(2mxk)}? for (h +k) even ,
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FIG. 9. Plot of a portion of the U,Pd,Sn raw neutron-
diffraction data taken at the +153° bank of HIPD at four tem-
peratures: (a) at 50 K, (b) at 38 K, (c) at 35 K, and (d) at 10 K.
As the temperature lowers, an extra peak appears at about 3.37
A, indexed as 101 in tetragonal symmetry. Note that the beam
time of the 38-K data is only 10% of the 50-K data. The bot-
tom plot (e) is the 10-50 K difference curve. The intensities
have been divided by the incident spectrum.

(201), (211) for U,Pd,Sn. Figure 10 shows some of raw
data taken in the +40° bank at 10 K for both com-
pounds. Clearly, there is no (100) reflection, which would
occur at about 7.6 A.

First, let us consider possible collinear models of mag-
netic moment arrangement. There are only two indepen-
dent antiferromagnetic configurations C1 and C2, as
shown in Figs. 11(a) and 11(b). The interference part of
the cross section (ignoring magnetic form factor, Lorentz
factor, and so on) can be written as!'®

4sinn cos(2mx yh)cos(2mxyk)}? for (h +k) odd ,

(8)

ties for both models. However, as shown in Fig. 11, there
is no observed (100) reflection. Hence, the collinear anti-
ferromagnetic models do not apply.

Now, let us consider possible noncollinear structures
using the magnetic space group formalism.!” There are
six independent Shubnikov subgroups of P4/mbm as
shown in Fig. 12. Two are collinear subgroups and four
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FIG. 10. Plot of a portion of the (a) U,Pd,In and (b) U,Pd,Sn
raw neutron-diffraction data taken at the +40° bank of HIPD at
10 K. Note that the (100) reflection is absent.

are noncollinear ones. In the collinear models, moments
are in the ¢ direction while the moments lie in the basal
plane in all four noncollinear models. The collinear fer-
romagnetic model does not give the (101) reflection: the
selection rule of the ferromagnetic model is just that of
the nuclear structure. The collinear antiferromagnetic
model was considered previously (model C2 in Fig. 11)
and eliminated. Two of the noncollinear models (NC2
and NC4) with the structure shown in Figs. 12(d) and
12(f) have calculated intensity at the (100) reflection
which is not observed in the diffraction pattern. The oth-
er noncollinear model (NC3) represented by Fig. 12(e)
gives intensity in all observed magnetic peaks but too
much calculated intensity at (110) and too little at (101)
and (201). Finally, the magnetic structure (NC1)
represented by Fig. 12(c) gives a good fit to the intensities
in all observed reflections. For the five possible antiferro-
magnetic models (AFC, NC1, NC2, NC3, NC4), R fac-
tors and goodnesses of fit for both compounds at 10 K are
shown in Table II. Clearly the noncollinear model NC1
gives the best fit to the data and we obtain U-moment
magnitudes of (1.40+0.02)up and (1.8910.01)up for
U,Pd,In and U,Pd,Sn, respectively. As a check, the
traditional method of fitting integrated intensities from
individual reflections to the magnetic model was used for
all four noncollinear models and both collinear antiferro-
magnetic models (C1 and C2 shown in Fig. 11). Note
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FIG. 11. The two possible collinear antiferromagnetic mod-
els, C1 and C2, projected onto the tetragonal basal plane. Only
the U atoms are shown, represented by circles with +’s and —’s
denoting the relative moment directions between each other.
The dashed lines represent the mirror planes. The atom sizes
are not drawn to scale, but the atom coordinates within the cell
are drawn to scale. These figures correspond to the central
square in Fig. 1(b).

that the C1 model does not have tetragonal symmetry.
The integrated nuclear and magnetic intensities of (200),
(210), (101), (111), (100) for both compounds and in addi-
tion (201), (211) for U,Pd,Sn were extracted using the
program FIT_PEAKS.!® The calculated intensities include
the U form factor'® and the Lorentz factor. The result is
shown in Table III and again the noncollinear model
NC1 gives the best fit to the data. We obtain the U-
moment  magnitudes of  (1.7310.01)ug and
(2.00£0.01)up for U,Pd,In and U,Pd,Sn, respectively.
These error bars are obtained solely by propagating sta-
tistical errors. The discrepancies between the two
methods of analysis indicate that there are systematic er-
rors of 0.1-0.2up, which is typical of magnetic powder
diffraction experiments.

IV. DISCUSSION

The main result of this work is that these two com-
pounds conform to the same phenomenological picture as
the (1:1:1) uranium ternary intermetallics, in which the U
moments almost invariably lie perpendicular to nearest-
neighbor U-U links, whether they form chains or planes.
In the present case, the nearest-neighbor links are along
the tetragonal c axis, and the magnetic anisotropy is of a
planar type, with the moments forming a noncollinear ar-
rangement in the tetragonal basal plane. If the ideas of

TABLE II. R factors and reduced x* for U,Pd,In and U,Pd,Sn at 10 K using Rietveld refinement

program GSAS (Ref. 11).

UdezIn U2Pd2$n
Model wRp (%) Rp (%) Reduced x? wRp (%) Rp (%) Reduced x?
AFC 493 3.49 5.00 5.67 3.91 12.16
NC1 4.61 3.23 4.38 4.94 3.50 9.23
NC2 491 3.46 496 5.68 391 12.18
NC3 4.83 3.40 4.80 5.25 3.56 10.40
NC4 491 3.47 4.97 5.67 3.90 12.16
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TABLE III. Reduced y? for U,Pd,In and U,Pd,Sn at 10 K
fitting to individual integrated intensities.

Model U,Pd,In U,Pd,Sn
Cl 4.81 4.07
C2 14.99 13.62
AFC 14.99 13.62
NC1 4.59 2.96
NC2 14.99 13.62
NC3 7.70 6.30
NC4 14.99 13.62

hybridization-induced anisotropy, developed for cubic Ce
compounds, and applied more recently to U compounds
work here, we would state that the hybridization is
stronger along the ¢ axis. This would result in ferromag-
netic exchange along the ¢ direction, which we observe.
We note that, while U,Pd,In clearly has nearest U-U
neighbors along the ¢ axis, the other compound,
U,Pd,Sn, is very close to the borderline of having U-U
links in the basal plane. For U,Pd,Sn, our crystallo-
graphic data indicate a crossover of the two nearest-
neighbor distances d, =c and d =2V'2axy; with temper-

FC AFC

(e) H

FIG. 12. Projections on the tetragonal basal plane of two col-
linear Shubnikov subgroups: (a) c-axis ferromagnetic FC, (b) c-
axis antiferromagnet AFC, and four noncollinear Shubnikov
subgroups: (c) NC1, (d) NC2, (e) NC3, (f) NC4; for the 4h site in
P4/mbm. Only the U atoms are shown, represented by circles.
The moments are symbolized by dots if out of the plane of pa-
per, crosses for moments into the plane of paper. The dashed
lines represent mirror planes. The atom sizes are not drawn to
scale, but the atom coordinates within the cell are drawn to
scale. These figures correspond to the central square in Fig.
1(b).
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ature. A possible impact on the Y(T) dependence of such
crossover, which is expected at about 225 K, can, in prin-
ciple, be traced out from the experimental data, but
single-crystal data are needed for a more conclusive
analysis.

A second consideration is that, of the two compounds
reported here, U,Pd,Sn seems to be more localized in
character than U,Pd,In, as its ordered moment is larger.
It seems that the stronger delocalization of In compounds
of the 2:2:1 type with respect to the Sn counterparts is a
general feature. It is most conspicuous comparing
U,Rh,In and U,Pt,In (nonmagnetic) with U,Rh,Sn and
U,Pt,Sn (magnetic).”® We note that for U,Pd,In, the or-
dered moment obtained by extrapolating high-field mag-
netization data (1.5up) is also slightly lower than that ob-
tained by neutron scattering (1.6upg).

Another argument indicating the stronger delocaliza-
tion of the 5f states in U,Pd,In is the higher ¥ coefficient
of the low-temperature specific heat compared to that in
U,Pd,Sn. Although the origin of strongly enhanced y’s
in most 2:2:1 compounds is not yet clear, it seems that
the y enhancement scales systematically with proximity
to the onset of magnetic ordering. It reaches a maximum
(about 800 mJ/mol; , K?), in nearly magnetic U,Pt,In.?
The systematic occurrence of numerous compounds with
such a strong y enhancement (most of them can be
classified as heavy fermions) makes the group of 2:2:1
compounds exceptional among uranium intermetallics.

Magnetic symmetry arguments apply well to the mag-
netic structures in these two compounds. The U atoms
lie at the intersection of two mirror planes, one parallel to
the tetragonal basal plane and the second perpendicular
to the [110] or [ 110] axis, depending on the site, as shown
by the dashed lines in Fig. 12. It is well known that mag-
netic atoms in mirror planes must have moments either
purely within the plane, or purely perpendicular. In this
case, these conditions must be met for both mirror planes
simultaneously, as shown in Fig. 12; there are two struc-
tures with moments along the ¢ axis, two with moments
in plane, but lying in the (110)-type planes, and two with
in-plane moments perpendicular to the (110)-type planes.
Our data clearly prefer structure NC1, with moments ly-
ing in both mirror planes. Thus, the in-plane anisotropy
must prefer moments with [110] directions in mirror
planes. As for the interactions, the nearest-neighbor ex-
change (along the ¢ axis) is ferromagnetic, while the
next-nearest-neighbor exchange [along d| as shown in
Fig. 1(b)] is antiferromagnetic. Given that these are
satisfied, the third-nearest-neighbor exchange gives no
contribution to the internal energy, as the uranium mo-
ments form pairs with no net moment. Single-ion anisot-
ropy will distinguish between models NC3 and NC4 on
the one hand, and models NC1 and NC2 on the other.
The fact that structure NC1 is observed indicates that the
easy axis lies in both mirror planes. But even then, the
energies of NC1 and NC2 are equal, if one includes only
isotropic exchange and single-ion anisotropy. The
Dzyaloshinskii-Moriya interaction?' between the third-
nearest neighbors can, however, distinguish between NC1
and NC2, depending on its sign. Another possibility is
the classical dipole-dipole interaction between the third-
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nearest neighbors, but it will prefer NC2 over NC1, in
contrast to our observation.

In conclusion, we have determined the bulk magnetic
properties, the magnetic transition temperatures, and the
magnetic structures of U,Pd,In and U,Pd,Sn. We have
shown that both have the same type of magnetic anisot-
ropy, forcing U moments to orient perpendicular to the
nearest U-U links. We have also demonstrated the ex-
istence of a metamagnetic transition in U,Pd,In at 25 T,
but its character will probably only be elucidated when
single crystals become available. U,Pd,In also displays a
low-temperature upturn in C/T and enhanced y of 393
mJ/mol; , K2, which indicates a 5/ moment instability in
contrast to U,Pd,Sn with y of 203 mJ/mol;, K* and
larger U moments.
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