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We report the results of magnetic susceptibility, specific heat, and electrical resistivity measurements on
UMGa5 �M =Fe,Co,Ni,Ru,Rh,Pd,Os, Ir ,Pt� single crystals. Antiferromagnetic ordering was observed for
M =Ni, Pd, and Pt, with ordering temperatures TN=80 K, 28 K, and 23.5 K, respectively. For the UMGa5

compounds with transition metals from the Fe and Co columns, itinerant paramagnetic behavior is observed.
The evolution of this behavior is discussed in terms of f-ligand interaction with an emphasis on the role played
by f-d hybridization.
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I. INTRODUCTION

In the last several years, considerable attention has been
dedicated to the interesting physical properties of the
CeMIn5 �M =Rh,Ir,Co� compounds.1–3 These heavy fermion
compounds display a rich variety of ground states including
unconventional superconductivity, antiferromagnetism, and
non-Fermi liquid behavior. Further, pressure-dependent and
doping-dependent studies have revealed extremely rich
phase diagrams that include the microscopic coexistence of
superconductivity and magnetism.4–7 Quite recently, super-
conductivity has also been reported in isostructural PuCoGa5
and PuRhGa5.8,9 Although less is known about these
plutonium-based materials, the underlying physics appears to
be similar10 to that of CeMIn5 and, in particular, seems to
rely on the existence of at least partially localized f
electrons.11–13

A family of uranium-based analogues of CeMIn5 and
PuMGa5 was reported some time ago.14 UMGa5 crystallizes
in the same tetragonal HoGoGa5-type structure as the Ce and
Pu variants for M =Fe,Co,Ni,Ru,Rh,Pd,Os, Ir ,Pt. The ob-
served physical properties, however, indicate itinerant
f-electron behavior rather than localized behavior.15–18 It has
been suggested that the properties of CeMIn5 derive from
constructing a layered variant of CeIn3, which displays local-
moment antiferromagnetism at ambient pressure.19 At least
qualitatively, the same argument can be made for UMGa5
because UGa3 displays itinerant f-electron behavior and or-
ders antiferromagnetically near 80 K with only a weakly
temperature-dependent magnetic susceptibility.20

The initial description of the UMGa5 compounds reported
only a structural determination and magnetic susceptibil-
ity data at temperatures above 80 K on principally poly-
crystalline samples.14 Subsequent studies have revealed
that UNiGa5, UPtGa5, and UPdGa5 order antiferro-
magnetically;21–23 whereas, itinerant paramagnetic behavior
is observed for the UMGa5 materials with other transition
metals. Significant recent effort has been devoted to under-
standing the nature of the ordered compounds as well as to
the evolution of the Fermi surface across many of these com-
pounds as a function of transition metal.17,18,21,23,24

Here, we present a comprehensive study of magnetic
susceptibility, specific heat, and electrical resistivity proper-

ties on the complete set of UMGa5 �M =Fe,Co,Ni,
Ru,Rh,Pd,Os, Ir ,Pt� compounds, with all measurements
performed on single crystals. In addition, we present results
obtained with a simple tight-binding model that provides
semi-quantitative insights into the role of f-ligand hybridiza-
tion effects in explaining both the evolution of TN for the
ordered magnetic systems and the evolution of the paramag-
netic behavior in the nonmagnets.

II. EXPERIMENTAL DETAILS

Single crystals of UMGa5 �M =Fe,Co,Ni,Ru,Rh,Pd,
Os, Ir ,Pt� have been grown from excess gallium flux. Sto-
ichiometric ratios of U and M together with excess Ga were
loaded into an alumina crucible and sealed inside an evacu-
ated quartz ampoule. The molar ratio of the Ga flux to
UMGa5 was 15:1. The mixture was heated to 1100 °C, al-
lowed to equilibrate for 4 h and then cooled at 4 °C/h to
600 °C. At this point, the excess Ga flux was removed by
centrifugation, yielding well-separated single crystals. X-ray
powder diffraction measurements confirmed the HoCoGa5
structure with lattice parameters in agreement with previous
results.14

The dc magnetic susceptibility ��T�=M /H measurements
were performed by means of a commercial superconducting
quantum interference device �SQUID� magnetometer �Quan-
tum Design� in fields of 1 kOe in the temperature range
2–350 K. Heat capacity Cp�T� measurements were carried
out using the thermal relaxation technique with a commercial
calorimeter in the temperature range 0.5–300 K. The electri-
cal resistivity ��T� was measured in a commercial 4He cry-
ostat, using a four-probe ac technique in the temperature
range of 1.8–300 K under zero applied field. Bar-shaped
samples were cut along the principal axes, and a current was
applied along the �100� direction. Typical dimensions of re-
sistivity samples were 0.5�0.5�3.0 mm3. The experimen-
tal error in the resistivity is less than 5%, due mainly to the
uncertainty in the geometrical factor.

III. RESULTS

X-ray diffraction measurements on crushed single crystals
confirm that UMGa5 �M =Fe, Ni, Co, Ru, Os, Rh, Ir, Pd, and
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Pt� crystallizes in the tetragonal HoCoGa5 structure type
�space group P4/mmm�. Table I lists the room-temperature
lattice parameters for all compounds.14,22 It is worth noting
that there is not a monotonic increase in the volume of the
unit cell in the UMGa5 series with increasing atomic radius
of the M metal. Thus, the variation in volume cannot be
described solely by simple size �evolution down a column�
or electron count �evolution along a row� effects.

The lattice parameters of UMGa5 imply a characteristic
uranium-uranium spacing of 4.2–4.3 Å �the nearest-
neighbor UuU distance is equal to a�. Using the Hill crite-
rion, this would suggest localized 5f behavior;25 however,
itinerant behavior is observed. This implies that rather than
direct 5f-5f orbital interactions being dominant, 5f-ligand
interactions must contribute substantially in creating the ob-
served itinerant behavior.15–18

It has been suggested that the d-bands associated with the
transition metal M element are fully occupied in the UMGa5
materials with the hybridized U�5f�-Ga�4p� conduction band
giving rise to a relatively large density of states at the Fermi
level and, hence, to itinerant magnetism.23 However, recent
neutron diffraction measurements22 reveal different anti-
ferromagnetic structures for M =Ni,Pd,Pt suggesting that
the hybridization effects of the Uf and Md states have a
significant influence on the nearest-neighbor interactions.
This f-d hybridization effect is observed, for instance, in the
tetragonality t= �a−2zGa�2�c� /a vs M element of the UGa3

unit in UMGa5 as shown in Fig. 1. The smallest distortion
��1.5% � of the UGa3 unit occurs for UNiGa5 while the
largest distortion ��7% � is observed in UPtGa5. A linear
decrease in the tetragonality t is found for the 3d transition
metal series �M =Fe,Co,Ni� while the 5ds exhibit opposite
behavior. The overall increase in magnitude of t progressing

from the 3d to 4d to 5d elements �Fig. 1� is likely due to the
larger extent of the heavier d-electron wave functions. It is
also interesting to note the monotonic decrease of the Néel
temperature TN that occurs with increasing t in the sequence
M =Ni,Pd,Pt.

A. Paramagnetic properties of UMGa5 (M=Fe, Ru, Os, Co,
Rh, and Ir)

The magnetic susceptibility ��T� of the paramagnetic
UMGa5 compounds �M =Fe,Ru,Os,Co,Rh, Ir� with H �a is

TABLE I. Structural and physical properties of the UMGa5 compounds. Tetragonal lattice parameters �a ,c� and structural data �V ,zGa�2��
are obtained from x-ray and neutron diffraction measurements �Refs. 14 and 22� �except where otherwise noted�. The electronic specific heat
coefficient � and phonon coefficient � �and corresponding Debye temperature �D� are obtained from fits of the low temperature specific heat.
Néel temperature, TN; residual resistivity; �0; T2 coefficient of the electrical resistivity, A; electron-magnon and spin disorder scattering
parameter, D; energy gap, � �see Sec. III B�.

Compound
a

�Å�
c

�Å�
V

�Å�3 zGa�2�

�

� mJ

mol K2 �
�

� mJ

mol K4 � �D

�K�
TN

�K�
�0

�	
 cm�

A

�	
 cm

K2 � D
�	
 cm�

� /kB

�K� Ref.

UFeGa5 4.261 6.734 122.3 0.3082a 37 0.299 357 0.8 0.0013 14

URuGa5 4.312 6.800 126.5 0.306b 32 0.358 336 17.6 0.0172 14

UOsGa5 4.318 6.813 127.0 0.302c 44 0.460 309 8.0 0.0022 14

UCoGa5 4.2357 6.7278 120.7 0.3082 21 0.216 398 22.0 0.0027 14

URhGa5 4.299 6.800 125.7 0.306d 6 0.376 331 8.0 0.0009 9 and 14

UIrGa5 4.317 6.745 125.7 0.302c 11 0.385 328 9, 14, and 29

UNiGa5 4.2380 6.7864 121.9 0.3074 53 80 1.8 0.0065 0.003 44 22

UPdGa5 4.3218 6.8637 128.2 0.2987 83 28 4.7 0.0565 0.321 131 22

UPtGa5 4.3386 6.8054 128.1 0.2964 64 23.5 6.7 0.0762 0.319 115 22

aAssumed to be the same as UCoGa5.
bAssumed to be the same as PuRhGa5.
cAssumed to be the same as PuIrGa5.
dAssumed to be the same as PuRhGa5.
eAssumed to be the same as PuIrGa5.

FIG. 1. Tetragonality t= �a−2zGa�2�c� /a of the UGa3 unit vs d
element M of UMGa5.
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shown in Fig. 2. Only a weak temperature dependence is
observed consistent with enhanced paramagnetic behavior
arising from itinerant f electrons as noted previously.14,15,18

Low temperature values are of the order �0
�10−3 emu/mol. Data for field applied along the c axis are
essentially identical, and no strong magnetic anisotropy is
observed. The weak feature in the data at 30 K for M =Os is
attributed to a small amount of an unknown impurity phase
as there is no such anomaly in electrical resistivity or specific
heat as discussed below.

The temperature-dependent electrical resistivity ��T� for
UMGa5 �M =Fe, Co, Os, Ru, Rh, and Ir� is shown in Fig. 3.
All exhibit metallic behavior except for UIrGa5 �inset of Fig.
3�, whose temperature dependence has more structure. Both
the increased magnitude of the resistivity and its temperature
dependence suggest semimetallic behavior in UIrGa5. For
M � Ir, the electrical resistivity obeys a quadratic law ��T�
=�0+AT2 below 20–40 K as shown in Fig. 4 with the pa-
rameters �0 and A listed in Table I. No traces of supercon-
ductivity nor any other evidence of long range order in the
magnetic susceptibility or resistivity were observed between
1.8 K and 350 K.

The total specific heat divided by temperature C /T versus
T2 is shown in Fig. 5. C /T at the lowest measured tempera-
ture, which we define as �, varies from about 6 mJ/mol K2

for M =Rh to almost 44 mJ/mol K2 for M =Os. The specific
heat of the UMGa5 compounds can be reasonably described

by C /T=�+�T2 at low T. Fitted values of � and � �and the
related Debye temperature� are listed in Table I.

B. Antiferromagnetic properties of UMGa5 (M=Ni, Pd,
and Pt)

We now turn to the UMGa5 compounds that order mag-
netically. Recent neutron scattering studies17,22,23 of UMGa5
�M =Ni, Pd, and Pt�, show that in UNiGa5, the adjacent ura-
nium spins are oppositely aligned similar to UGa3 �Ref. 27�
with an ordered moment of 0.75–0.9	B /U. On the other
hand, the magnetic moments of uranium atoms in UPtGa5
and UPdGa5 are aligned in ferromagnetic sheets in the ab
plane and stacked antiparallel along the c axis with an or-
dered moment of 0.2–0.3	B /U and 0.34	B /U,
respectively.17,22,23

Figure 6 presents the temperature dependence of the mag-
netic susceptibility ��T� of single crystals of UNiGa5,
UPtGa5, and UPdGa5 for magnetic fields applied parallel and
perpendicular to the c axis. For the Ni and Pd variants, the
susceptibility is weakly temperature dependent displaying a
peak at TN=80 K �UNiGa5� and TN=28 K �UPdGa5�. The
temperature-dependent magnetic susceptibility of UNiGa5
�Fig. 6�a�� resembles that of the itinerant antiferromagnet
UGa3 �TN=68 K�.26 Figure 6�c� displays ��T� of UPtGa5,
which exhibits a peak at 26 K, but the Néel tempera-
ture is better defined as the maximum of d��T� /dT �not
shown�, which occurs at TN=23.5 K. This value corresponds

FIG. 2. Temperature dependence of the magnetic susceptibility
��T� of the paramagnetic UMGa5 �M =Fe,Ru,Os,Co,Rh, Ir� com-
pounds measured in a magnetic field H=1 kOe.

FIG. 3. Electrical resistivity ��T� of UMGa5 compounds. Inset:
��T� of UIrGa5.

FIG. 4. � vs T2 for selected UMGa5 compounds. The lines are
linear fits to the data.

FIG. 5. Specific heat divided by temperature C /T vs T2 for
UMGa5 compounds.
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well with the anomaly in the specific heat discussed below.
UPtGa5 displays behavior closer to that expected for
localized 5f electrons, but a high temperature fit of the data
to the Curie-Weiss law yields values of 	ef f =1.84	B and
�=−133 K �	ef f =	B, �=−387 K� for field parallel �perpen-
dicular� to the c axis. These values of 	ef f are much smaller
than the expected values for the 5f2 or 5f3 configurations of
uranium �3.58 or 3.62	B�, again suggesting strong hybridiza-
tion of the 5f electrons with the conduction electrons.

The magnetization M�H� data at T=2 K in the princi-
pal directions of UMGa5 �M =Ni,Pd,Pt� are shown in Fig. 7.
The curves are typical of antiferromagnets and the aniso-
tropy is modest �Mab /Mc�1.1–2� in the antiferromag-
netic �AFM� state, generally consistent with previous

reports.17,21,23 However, the near isotropy of the M�H� curves
of UPdGa5 is somewhat different than found previously.23

The magnetization in the ab plane is always largest, suggest-
ing that it is easier to cant the moments that lie along the c
axis in all three compounds17,22,23 into the ab plane than to
rotate them to all align along the c axis. A similar situation
arises in CeRhIn5, except that the anisotropy is reversed �i.e.,
Mc�Mab�, since the moments lie in the ab plane and are
spirally modulated along the c axis with an ordering wave
vector Q= �1/2 ,1 /2 ,0.297�.28 In localized systems contain-
ing uranium, the magnetization is expected to saturate to a
value 	sat=3.28	B �3.2	B� for U3+ �U4+� at modest fields
�assuming L-S coupling�. However, the magnetization only
reaches �150 emu/mol �0.027	B /U� at 2 K in the antifer-
romagnetic state �Fig. 7� with no tendency toward saturation.
Indeed, M�H� for UPtGa5 does not saturate even in magnetic
fields of 50 T reaching a value of only 0.4	B /U at 4.2 K for
H � �100�, indicating itinerant antiferromagnetism.21

Figure 8 shows specific heat data for UMGa5 �M
=Ni,Pd,Pt� and UGa3.20 The antiferromagnetic transition in
UNiGa5, UPdGa5, and UPtGa5 is observed at TN=80 K,
28 K, and 23.5 K, respectively. The temperature dependence
of specific heat for T�8 K can be described as C /T=�
+�T2 for each compound. A rough estimate of � can be
made by examining the low-temperature behavior of C /T vs
T2 as shown in inset of Fig. 8. The low-temperature extrapo-
lation yields � values of 47, 83, and 62 mJ/mol K2 �see
Table I�. A rough estimate of the magnetic entropy released
below the magnetic transition was obtained using the follow-
ing procedure, since a nonmagnetic analog ThMGa5 does not
exist. First, the electronic contribution �T was subtracted
from the specific heat of UMGa5 �M =Ni,Pd,Pt� using the
values of � listed in Table I. After this subtraction, the lattice
contribution of the paramagnetic compounds of UFeGa5
�UIrGa5� were subtracted from the remaining 5f contribution
to the specific heat of UNiGa5 �UPdGa5 and UPtGa5� �Fig.
8�, yielding the magnetic specific heat Cmag. The magnetic
entropy in the AFM state was then determined from
Smag�TN�=�0

TN�Cmag /T�dT, yielding Smag�0.7R ln�2�,
0.4R ln�2�, and 0.3R ln�2� for UNiGa5, UPdGa5, and
UPtGa5, respectively �with uncertainties of the order of
50%�. These relatively low values of the magnetic entropy,

FIG. 6. ��T� of antiferromagnetic �a� UNiGa5, �b� UPdGa5, and
�c� UPtGa5, measured at H=1 kOe.

FIG. 7. M vs H with H �c and H�c of antiferromagnetic �a�
UNiGa5, �b� UPdGa5, and �c� UPtGa5, measured at T=2 K.

FIG. 8. C /T vs T for UMGa5 �M =Ni,Pd,Pt� along with Clatt /T
of UFeGa5 as discussed in the text. Inset: C�T� /T vs T2 of UMGa5

�M =Ni,Pd,Pt� and UGa3 �Ref. 20�. The lines are linear fits to the
data.
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considerably lower than R ln�9� or R ln�10� as expected for a
localized U4+ or U3+ ion, respectively, clearly indicate itin-
erant 5f magnetism in these compounds.

The temperature dependence of the electrical resistivity
��T� for UMGa5 �M =Ni, Pd, and Pt� is shown in Fig. 9. The
data are consistent with previous reports.17,21,23 The resistiv-
ity displays a clear signature of the Néel temperature �80 K,
28 K, and 23.5 K for M =Ni, Pd, and Pt, respectively�. At
low temperatures, the electrical resistivity can be well fit by
the equation

��T� = �0 + AT2 + DT�−1�1 + 2T�−1�e−�/T, �1�

which describes the scattering due to an energy gap in the
magnon dispersion relation.30–32 In Eq. �1�, D involves the
electron-magnon and the spin-disorder scattering and � is
the magnitude of the gap. The lines in Fig. 9 are the best fit
of Eq. �1� to the experimental data ��0 has been fixed to the
value obtained from fits of ��T�=�0+AT2 at the lowest tem-
perature�. The value of A in this group of antiferromagnetic
compounds is enhanced relative to their nonmagnetic coun-
terparts. To further test the intrinsic nature of the enhance-
ment of A, we have compared it to the measured values of �
using the Kadowaki-Woods relation.33 Although the validity
of this universal behavior is questionable in magnetically
ordered materials, where the anisotropy of the magnetic
structure and magnetic excitations can lead to different A
values in different directions, we find that the experimental
A /�2 values of UNiGa5, UPdGa5, and UPtGa5 are close to
this universal ratio A /�2=1�10−5 	
 cm �mol K/mJ�2.

IV. DISCUSSION

The magnetism in uranium intermetallic compounds is
usually governed by two mechanisms: first, the direct over-
lap of 5f wave functions of neighboring U atoms, which
explains the importance of the inter-Uranium spacing dUuU
as proposed by Hill,25 and second, the 5f-ligand hybridiza-
tion, which is particularly important in compounds with
larger UuU distances. Isostructural groups of compounds
are well suited for systematic studies of these mechanisms
because the local geometry of the U ion is unchanged.

As discussed above and in Refs. 15–17, the Hill criterion
does not provide an accurate description of the behavior of

UMGa5. A reasonable and simple estimate of the strength of
the 5f-ligand hybridization in a series of isostructural com-
pounds may be obtained employing the method developed
by Straub and Harrison.34,35 A tight-binding approximation is
used to obtain the contribution to the hybridization of the U
atoms and the X ligands

VUX = � fl�
2

me
	
�rUf

3 rXl
2l−1

dU−X
l+4 � , �2�

where rXl is the radius of the electronic shell of atom X with
angular momentum l, dU-X is the bond length between the U
atoms and the X ligands, and  fl is a coefficient that depends
only on l and the bond symmetry �� bonds assumed�. For
simplicity, the total hybridization is obtained by summing the
contributions of only the nearest neighbors. In the HoCoGa5
structure, the uranium atoms have the following coordina-
tion: four nearest U neighbors in the ab plane at a distance,
dUuU=a; each U atom has two transition metal nearest
neighbors along the c axis at a distance, dU-M =c /2, and fi-
nally U has four in-plane Ga�1� and eight out-of-plane Ga�2�
nearest neighbors at distances dUuGa�1�=a�2/2 and
dUuGa�2�=��a /2�2+ �zGa�2�c�2, respectively. Using the struc-
tural parameters listed in Table I, the results of the calcula-
tions are given in Table II.

Examination of Table II reveals that the hybridization is
dominated by the hybridization between the Uf states and
the Gap states; the values are comparable to those of UGa3
suggesting that this f-p hybridization may be responsible for
the itinerant behavior observed in UMGa5. However, the
largest relative changes occur in Vfd �as much as 60%� com-
pared to only 10% changes in the other contributions, stress-
ing the importance of the f-d hybridization on the physical
properties of UMGa5. It appears that the f-d hybridization is
dominated by d band filling effects as there is a systematic
decrease in Vfd with increasing d-electron count �in a given
row� while dU-M remains essentially unchanged. The de-
crease in f-d hybridization likely results from the larger
separation of the d band relative to the Fermi level EF as
more d electrons are added. In addition, the f-d hybridization
increases as the size of the M atom increases in UMGa5, i.e.,
as one moves down a column in the Periodic Table, the ef-
fective d shell radius increases for the heavier transition met-
als. In the Doniach model, the sensitive balance between the
Ruderman-Kittel-Kasuya-Yosida �RKKY� interaction and
the Kondo interaction, which are governed by a single en-
ergy scale �i.e., the hybridization strength J�, leads to either
a magnetic or nonmagnetic ground state. For small J, the
RKKY interaction dominates due to the algebraic depen-
dence on J �TRKKY �J 2N�EF�, where N�EF� is the density of
states at the Fermi level� favoring a magnetically ordered
ground state; for sufficiently large hybridization strength, the
exponential dependence of the Kondo temperature with J
TK�exp�−1/JN�EF��� suppresses magnetic order. The
competition of these two interactions results in an asymmet-
ric “bell-shaped” curve of Tmag vs J known as the Doniach
diagram.36 The increased f-d hybridization in the series
NiuPduPt is consistent with the decrease of TN �=80 K,
28 K, and 23.5 K for Ni, Pd, and Pt, respectively� within the

FIG. 9. ��T� of UMGa5 �M =Ni, Pd, and Pt� compounds. The
lines are fits of Eq. �1� to the data.
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Doniach framework assuming that UNiGa5 is located at �or
to the right of� the maximum of the Tmag�J� curve. A number
of other families of isostructural compounds, such as UT2X2,
UTX, and U2T2X �T=transition metal; X=Si,Ge�,37–39 dis-
play similar behavior and stress the importance of f-d hy-
bridization in determining the physical properties. For in-
stance, all of the UT2X2 materials can be placed on the
Doniach diagram by considering the f-d hybridization within
the simple tight-binding framework discussed above, regard-
less of the type of magnetic order. A similar analysis of the
UTX and U2T2X systems is consistent with the occurrence of
magnetic or nonmagnetic ground states.38,39

The tight-binding analysis can be extended to include the
isostructural PuMGa5 �M =Co,Rh, Ir� materials. PuCoGa5

exhibits superconductivity at Tc=18.5 K; various thermody-
namic measurements indicate a moderate quasiparticle mass
enhancement of ��80 mJ/mol K2. Superconductivity is
also found in PuRhGa5 at Tc=8.7 K, which has a slightly
smaller Sommerfeld coefficient ��50 mJ/mol K2.9 In con-
trast, no superconductivity or magnetic order is observed in
PuIrGa5 down to 1.4 K.29 As in the case of the UMGa5 ma-
terials, the largest relative increase in hybridization is found
in Vfd in PuMGa5, consistent with the decrease in Sommer-
feld coefficient; extension of this model to PuIrGa5 indicates
an even smaller � for this compound, in agreement with the
small value of the T2 coefficient of the electrical

resistivity.29,33 One might expect that Vfd may play a role in
determining Tc, which varies by a factor of 2 between
PuCoGa5 and PuRhGa5; however, it has recently been shown
that structural tuning plays a more important role in the su-
perconductivity of both PuMGa5 and the heavy-fermion
CeMIn5 �M =Co,Rh, Ir� compounds.10,40

V. SUMMARY

The physical properties of single crystals of UMGa5 are
reported based on x-ray diffraction, magnetization, heat ca-
pacity, and electrical resistivity measurements. UMGa5 or-
ders antiferromagnetically for M =Ni, Pd, and Pt, while for
M =Fe, Ru, Os, Co, Rh, and Ir, itinerant paramagnetic behav-
ior is observed. Although f-p hybridization is by far the
strongest matrix element, f-d hybridization appears to play
an important role in determining relative trends in these ma-
terials.
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