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Magnetic and electron transport properties of single-crystal UPtGe
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UPtGe orders below 50 K in a magnetic structure with the uranium 5f -magnetic moments arranged in a
cycloid in theac plane on a noncentrosymmetric orthorhombic crystal structure. The propagation vectorq
5(0.55,0,0) is directed along thea axis. There is very little magnetocrystalline anisotropy within theac plane,
compared to a large anisotropy between the two in-plane directions and the out-of-plane direction, as seen in
various type of measurements. We present here results of measurements of single-crystalline magnetic suscep-
tibility, electrical resistivity, magnetoresistivity, and thermoelectric power in order to investigate the conse-
quences of the complex magnetic structure on the electronic behavior in UPtGe. As a result of a change in the
Brillouin zone atTN , a ~pseudo!gap opens in the conduction electron band along the three principal directions.
The appearance of magnetic zone boundaries due to the complex antiferromagnetic order in UPtGe is seen in
the low-temperature variation of the thermoelectric power exhibiting pronounced maxima far belowTN along
the three main crystallographic directions.

DOI: 10.1103/PhysRevB.69.094422 PACS number~s!: 75.20.Hr, 72.15.Gd, 75.40.Cx
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I. INTRODUCTION

The equiatomic ternary UTM family of numerous ura-
nium compounds (T5d-electron metal, M5p-electron
metal! is exceptionally rich in physical properties.1 There are
four major crystal structure types among UTM compounds
that provide the basis for an extensive variation in the deg
of 5f -electron hybridization with ligand electrons which i
in turn, a deciding factor in the formation of stable magne
moments in the solid state. Long-range magnetic orde
among the 5f -electron moments, which usually takes pla
at several tens of K, as well as a temperature or field-indu
variation in the magnetic order, is especially prevale
among UTM compounds.

The systematics of the magnetic2 and electrical
properties3 of a number of UTGe germanides were initially
investigated on polycrystalline samples. It is well known th
in a series of ternary uranium isostructural compounds s
as UTGe, the presence of heavier transition elements, s
as Ni, Pd, or Pt, generally stabilizes the narrow-ba
5 f -electron moment formation as a precursor to magn
ordering effects. With the exception of the Fe-,4 Co-, and
Ru-containing compounds, magnetic ordering was found2 in
all the germanides. Evidence was put forward for anomal
behavior in the character of the ordering that takes plac
UPtGe. The inverse susceptibilityx21 was measured on
powder sample and found to increase first continuously u
cooling throughTN(552 K), but then it becomes nearl
temperature independent below;25 K. A similar behavior
was observed on a single-crystal sample whenHia.5 On the
other hand, the electrical resistivityr(T) of UPtGe increases
rapidly atTN , and peaks near 20 K.3 Neither of these distinc
attributes were seen in the vicinity of the respective order
temperatures for any of the other investigated equiato
silicides or germanides.2,3 The increase inr(T) just below
0163-1829/2004/69~9!/094422~9!/$22.50 69 0944
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TN could be associated with a decrease in the effective n
ber of charge carriers upon reformation of the Brillouin zo
boundaries when the magnetic unit cell becomes differ
from the crystallographic unit cell. Kawamataet al.6 found
on their single-crystalline electrical measurements along
c axis, an enhancement of the resistivity in UPtGe caused
the magnetic superzone effect, as was the case on the p
crystalline sample. Moreover, they found for all UTGe (T
5Ni, Pd, Pt! a Kondo-like behavior between 1002300 K.
From the initial exploratory measurements5 of magnetic sus-
ceptibility made on single-crystal UPtGe up to 200 K,
small in-plane magnetocrystalline anisotropy was contras
against a comparitively large out-of-plane anisotropy. T
susceptibility data of Kawamataet al.5 for the field along the
orthorhombicb axis (xb) revealed no distinct anomaly in th
vicinity of TN , suggesting thatxb does not reflect any majo
component of the ordered magnetic moment in this directi

The results of powder neutron diffraction measureme
on UPtGe led Szytułaet al.7 to favor the TiNiSn-type struc-
ture ~Pnma! instead of the previously adopted CeCu2 type
~Imma!.2,5 The TiNiSi-type structure represents positional o
dering among the Pt and the Ge atoms in UPtGe, and ma
described by an interchange of thea andb axes with respect
to the CeCu2-type structure. Furthermore, based on this cr
tal structure, Robinsonet al.8 ~also using polycrystalline
samples! and Kawamataet al.9 ~single-crystal sample! put
forward an interesting model of incommensurate 5f -electron
magnetic moment ordering in UPtGe. According to th
model, the moments were determined to form a cycl
structure that is unique among actinide systems. The q
tion of the crystal structure in UPtGe that could form t
basis for such an exceptional arrangement of magnetic
ments has recently been the subject of an in-depth neu
and resonant magnetic x-ray study reported by Man
et al.10 According to these authors the prefered structure
©2004 The American Physical Society22-1
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TABLE I. Crystal data structure and refinement parameters for UPtGe.

Structure parameter Room-temperature data Low-temperature da

Empirical formula Ge Pt U
Formula weight 505.71
Temperature 293~2! K 15~1! K
Crystal system, space group orthorhombic,Imm2
Unit cell dimensions a54.333(1) Å a54.320(1) Å

b57.199(1) Å b57.161(1) Å
c57.528(2) Å c57.507(2) Å

Volume 234.82(9) Å3 232.23(9) Å3

Theta range for data collection 3.92° to 36.95° 3.93° to 28.85°
Reflections collected/unique 1683/506@R(int)50.0894# 661/308@R(int)50.0747#
Data/restraints/parameters 506/1/22 308/1/22
Goodness-of-fit onF2 1.157 1.198
Final R indices@ I .2s(I )# R150.0399,wR250.1095 R150.0482,wR250.1219
R indices~all data! R150.0409,wR250.1100 R150.0489,wR250.1226
Absolute structure parameter 0.02(5) 20.13(8)
Extinction coefficient 0.0180~13! 0.0086~10!
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the orthorhombic EuAuGe-type structure (Imm2) instead,
which is in contrast to the CeCu2 and TiNiSi types, a non-
centrosymmetric structure having again the same axial
menclature as that of the CeCu2-type structure~i.e., a andb
axes interchanged with respect to TiNiSi!. In this structure,
in contrast to the other two types, there are two crysta
graphically different sites occupied by the uranium atom
one platinum site, and one germanium site. Further detail
both the crystal and magnetic structure of UPtGe can
found in the discussion further below.

Some preliminary data on a UPtGe single crystal w
presented in a conference article.11 The purpose of this study
is to compliment the existing crystallographic and magne
structural investigations on UPtGe with data on physi
properties including magnetization, electrical resistivi
magnetoresistivity, and thermoelectric power. We are plac
emphasis on the anisotropic behavior and the response t
magnetic field applied along the three main crystal axesa, b,
andc, with respect to the EuAuGe-type structure.

II. EXPERIMENTAL

A single crystal of UPtGe was prepared from a stoich
metric melt using the Czochralski method, with starting e
ments~of purity in weight percent! U ~99.98!, Pt ~99.99!, and
Ge ~99.999!. No further heat treatment was given to the a
grown single-crystal button. We used electron micropro
analyses to verify the good quality of the obtained sin
crystals. The sample was cut by an abrasive wire into pie
with appropriate geometries for the various measurement
small part of the single crystal was powdered by crushing
aid crystal-structure refinement by x-ray diffraction. Sing
crystal x-ray diffraction was performed at room temperat
and 15 K on an Xcalibur 2 four-circle diffractomete
equipped with a CCD camera and a Heli-jet cryosystem
ing a graphite-monochromatized Mo-Ka radiation. The in-
tensities of reflections were corrected for Lorentz and po
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ization effects. The crystal data were refined by the full le
squares method using theSHELX-97 program.12

Magnetization and susceptibility measurements were p
formed using a commercial superconduction quantum in
ference device~SQUID! magnetometer in temperatures fro
400 K down to 1.8 K and in fields up to 5 T, with the samp
oriented along the main axes using the x-ray method. T
electronic transport was measured using a steady-cur
four-point method with spot-welded wire contacts on b
shaped specimens measuring 13136 mm3, in temperatures
between 290 and 1.4 K, and in transverse magnetic fie
( i'B) up to B5m0H58 T. The thermoelectric power wa
measured using a Keithley type 220 nanovoltmeter to se
the voltage drop over a temperature gradient of'5 K sus-
tained across the two ends of a bar-shaped specimen sim
to that used for resistivity measurements.

III. RESULTS AND DISCUSSION

A. Crystal and magnetic structure

In this work we have performed single-crystal x-ray r
finement on data collected at room temperature and at 1
Results of the structural refinement are given in Tables I
II. Apart from ascertaining the good single-crystalline qual
of our samples, the x-ray diffraction data have fully co
firmed the results of Hoffmannet al.,13 who reinvestigated
the EuAuGe type structure~space groupImm2) of UPtGe
and established the positional ordering of the Pt and Ge
oms within this structure.

The crystal structure was refined with anisotropic atom
displacement parameters for all atoms. Thus, these pa
eters were used to present in Fig. 1 the projections of
structure along thea ~left-hand panel! and b ~right-hand
panel! axes. The U1 and U2 atoms are both coordinated
two puckered Pt3Ge3 hexagons located above and below t
central atom, but with distinctly different respective bon
lengths. Correspondingly, these atoms have either the cl
2-2
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TABLE II. Atomic coordinates and anisotropic and equivalent isotropic displacement param
(103 Å2) for UPtGe at the respective measurement temperatures of 293 and 15 K.

Atom U1 U2 Pt Ge
Site 2a 2b 4d 4d
T ~K! 293 15 293 15 293 15 293 15

x 0 0 0 0 0 0 0 0
y 0 0 1/2 1/2 0.2080~2! 0.2068~3! 0.2796~5! 0.2811~8!

z 0.4719~1! 0.4707~3! 0.5372~1! 0.5383~3! 0.8343~1! 0.8342~2! 0.1639~3! 0.1638~6!

U11 12~1! 4~1! 8~1! 4~1! 8~1! 3~1! 8~1! 1~1!

U22 11~1! 0~1! 10~1! 0~1! 13~1! 0~1! 17~1! 0~2!

U33 7~1! 5~1! 9~1! 3~1! 7~1! 5~1! 7~1! 2~3!

U23 0 0 0 0 0~1! 0~1! 21(1) 1~2!

U(eq) 10~1! 3~1! 9~1! 2~1! 9~1! 3~1! 11~1! 3~1!
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germanium~U1 and Ge! or platinum ~U2 and Pt! nearest-
neighbor distances which in turn are significantly longer th
the sums of the metallic atomic radii~U1Ge! and ~U1Pt!,
respectively. This feature is quite the opposite to the thr
dimensional Pt3Ge3 hexagons, having Pt-Ge contacts in go
agreement with the sum of Pauling’s single-bond radi13

These structural differences are well reflected in the m
netic behavior of UPtGe leading in consequence to two
ferent values of the ordered moment for the U1 and
sites.10 The refinement of the crystal structure of UPtGe
low temperature has not revealed any significant differe
with that at room temperature, except the change in the u
cell volume by about 1.1%, emphasizing the fact that
formation of the cycloidal magnetic structure does not ca
any distortion of the lattice. This result is, for example,
contrast with the situation found in hexagonal UPdSn~Ref.
14! where a distortion was observed first to the orthorhom
unit cell atTN540 K, and then to a monoclinic unit cell a
the temperature of 25 K where another magnetic transi
occurs.

In order to describe the cycloid magnetic structure
have marked by arrows in Fig. 1 the arrangement of

FIG. 1. Schematic display of the crystal structure of UPtGe.
the left-hand panel, the projection onto thebc plane of a unit cell of
the orthorhombic EuAuGe-type structure is shown (a is directed
perpendicularly out of the plane! to illustrate the two different ac-

tinide sites, U1 located at~0,0,z) and U2 at (0,12 ,z). The right-hand
panel (b is directed perpendicularly into the plane! shows the pro-
jection onto theac plane with the cycloidal arrangement of th
magnetic moments in the ordered state indicated by arrows. Fo
sake of simplicity we have shown the cycloid in only one~upper!
ac plane containing both the U1~longer arrows! and U2 ~shorter
arrows! moments.
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magnetic moments in the uranium lattice sites of theac
plane that form a structure close to a simple haxagon with
additional uranium atom at its center. We took into acco
also the fact that the phase anglef between the two cyc-
loids, corresponding to the U1 and U2 atoms, is close
zero. The propagation vectorq of the magnetic structure is
along thea direction with the value of@0.55~1!, 0, 0# ~Ref.
10! in accordance with those given by earlier papers.7–9

Moreover, the ellipticity e defined as the ratio
m@100#/m@001# for both moments is close to the avera
value of 1.24,10 which can reflect the fact thatxa.xc at 4.2
K. This, however, is reversed atTN . The nature of the
unique magnetic structure has been studied with den
functional theory by Sandratskii and Lander.15 They have
shown that the formation of the cycloid results from coexi
ence of an accidentally small in-plane magnetic anisotro
and frustrated exchange interactions. As seen in Fig. 1,
arrangement of atoms in the corners of triangles within
given hexagon leads immediately to the geometrical frus
tion among the moments in the case of existence of the
tiferromagnetic type interaction between them. The calcu
tion results reflect also an important influence of the posit
of the Pt and Ge atoms on the magnetic behavior of UPt

B. Magnetic properties

Figures 2~a! and 2~b! show the temperature dependence
respectively the magnetic susceptibilityx i(T) and the re-
verse magnetic susceptibilityx i

21(T) for UPtGe, with a
measuring field equal toB50.5 T along the three respectiv
orthorhombic crystal axes (i 5a,b,c). For comparison we
also show the polycrystalline data measured on a fixed, s
sample~diamond symbols!. The anomaly inx at T550 K
~marked by an arrow! that is evident in all the data sets,
taken as the onset of the antiferromagnetic state. The sin
crystal data are in agreement with that of Kawamataet al.,5

except that in our susceptibility data there is a more disti
anomaly seen inxb(T) at TN for Bib, apart from the sharp
features at this temperature for fields applied along the o
two directions, i.e., forxa andxc at TN , wherexc.xa . The
thin solid lines superimposed upon the respective data se
Fig. 2~b! represent the results of least-squares fits of
modified Curie-Weiss~MCW! law

he
2-3
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x~T!5x01
nmBmeff

2

3kB~T2uP!
. ~1!

The modification is due to the downward curvature
x21(T) and is achieved through addition of the temperatu
independent termx0. In Eq. ~1!, uP is the paramagnetic Cu
rie temperature,meff is the effective paramagnetic momen
andn is the molar concentration of magnetic moments. F
the magnetic field along thea andc directions this law ad-
equately describes theT.TN data, with parameters as liste
in Table III. In contrast to these, thexb

21(T) dependence
deviates below 200 K in the upward direction and above
temperature the susceptibility obeys an ordinary Curie-W
law ~dashed line!. In polycrystalline samples a strong ma
netic anisotropy can be expected to produce a lo
temperature curvature inxpoly

21 (T) leading to rather unreliable
magnetic parameters. Nevertheless, we have found a g
agreement of the observedxpoly

21 (T) with the calculated aver
age reciprocal susceptibilityxav

21(T) ~thick line!, where

xav5
xa1xb1xc

3
. ~2!

FIG. 2. The temperature dependence of~a! the magnetic suscep
tibility x(T), and~b! the inverse susceptibilityx21(T), for single-
crystal UPtGe along the three main directionsa, b, and c. The T
51.9 K isothermal magnetization (c direction! is shown in the inset
of ~a!. The solid lines superimposed onto the data in~a! are guides
to the eye. In~b! the solid lines indicate the results of least-squa
fits of a modified Curie-Weiss law forBia,c, while the dashed line
represents a Curie-Weiss law forBib. Furthermore, the calculate
average susceptibility is indicated by a solid line on the polycr
talline data points~see text!.
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We note that the calculated effective moment value obtai
for the polycrystalline sample compares rather well w
those of the two magnetically easy directions. As seen fr
Fig. 2, along thea andc directions, the measuredxa(T) and
xc(T) concur a very small in-plane magnetocrystalline a
isotropy, compared to the out-of-plane susceptibilityxb(T).
The magnetic anisotropy in UPtGe is evident from seve
aspects: in the paramagnetic region theb-axis data project a
much larger negative value ofuP . In the ordered region the
c-axis susceptibility exceeds that of thea-axis susceptibility
by about 10%@see the values ofx(T5TN) in Table III#,
while the b-axis susceptibility measured at the same te
perature amounts to only 25% of thec-axis value atTN .

The weak temperature dependence of the susceptib
along the hard magnetization direction is usually govern
by the single-ion anisotropy in the ground state for which
real wave functions are not now accessible. Among the th
directions, the large moment value ofmeff53.24mB /U
yielded by theb-axis data is thus connected with a larg
contribution of a temperature-independent Van Vleck par
the overall susceptibility caused by the crystal electric fi
interaction on the anisotropic ground state. When seen
gether with the much largeruupu value for theb direction,
this gives a picture of substantially weakened correlatio
between the 5f -electron moments betweenac-moment
planes in UPtGe.

As indicated in Fig. 2, the magnetic anisotropy is d
tinctly an easy-plane type. The paramagnetic Curie temp
turesup

i ( i 5a,b,c) can be used to express qualitatively t
magnitude of the magnetic anisotropy. While for theac
planeuup

a2up
cu58 K, the anisotropy in theab or cb planes

is much stronger and taking the above criterion it amount
more than 300 K. The effective magnetic momentsmeff

a

'meff
c 52.66(1) mB . This value corresponds to the groun

crystal-field state being either doublet or pseudo doublet
the 5f 3 (U31) or 5f 2 (U41) electron configuration respec
tively, in accordance with theR ln 2 value of the magnetic
entropy atTN reported in Ref. 16. It therefore indicates th
localized character of the electrons in this compound,
flected also in the low value,16 25 mJ/(K2 mol), of the co-
efficient of electronic heat capacity.

A graph of thec-axis magnetizations(B) of UPtGe is
shown in the inset of Fig. 2. We could not detect any hyst
esis between the increasing and decreasing field data.
magnetization proceeds linearly with field, from the orig
right up to 5 T, providing a good agreement of thes/H ratio
at 4.2 K withxc at this temperature. Also thes/H slopes of
the corresponding magnetization straight lines taken at 4.

s

-

TABLE III. Least-squares fit parameter values for the magnetic properties of UPtGe~see Fig. 2!.

Sample alignment uP meff x0 x(T5TN)
~K! (mB) (1024) emu/(mol U) (1023) emu/(mol U)

a 222.8(1) 2.66~1! 3.5~1! 10.7 ~54 K!

b 2350(1) 3.24~2! 0 3.1 ~52 K!

c 215.1(1) 2.67~3! 2.9~1! 12 ~55 K!

polycrystal 224.0(2) 2.31~2! 6.4~1! 8.4 ~56 K!
2-4
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in high magnetic fields17 clearly indicate thatxa.xc@xb .
In fact, in an applied field along the main axes up to 30.5
an abrupt metamagnetic transition was observed forBic and
Bia, without any sign of a similar effect forBib.17 This
high critical field indicates that the cycloid magnetic stru
ture is fairly stable against an applied field. Moreover,
magnetization value obtained at 30.5 T forBic, being about
0.6 mB , indicates the possible existence of another transi
at higher applied fields, to reach the value of 1.021.1 mB ,
reported in neutron diffraction measurements.7–9A metamag-
netic transition near 25 T was also reported by Busch
et al.18 on a polycrystalline sample.

C. Transport properties

1. Electrical resistivity

Figure 3 shows the zero-field resistivity datar i(T,B
50) for UPtGe. The semilogarithmicr i(T) graph has al-
ready been shown in previous work.11 The measured resis
tivity values for the three directionsa, b, and c at T
5290 K amount to 329, 225, and 274mV cm, respectively.
The gradual increase inr i as the temperature is decreas
from room temperature down toTN may be ascribed to the
weak incoherent scattering mechanism of the single-
Kondo effect that involves conduction electrons and
magnetic moments of nearly localized 5f electrons. A

FIG. 3. The temperature dependence of the electrical resist
r(T) ~main figure! and its temperature-derivative~inset! for single-
crystal UPtGe along the three principal directionsa, b, andc. The
distinct features, as explained in the text, are indicated by arro
viz. the Néel transition pointTN , the maximumTmax within the
magnetic ordered region which is especially evident for curr
along theb direction, and an inflection pointTinf seen fori ia and
i ic as a result of a continued increase inr towards low tempera-
tures for these two directions. For theb direction, the sameTinf

corresponds instead to a continueddecreasein r towards low tem-
perature.
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Kondo-like anomaly was also observed in single-crystall
measurements of UNiGe and UPdGe.6 Apart from the ob-
served variation in the absolute values in resistivity, there
seen only small anisotropy11 in r i in the paramagnetic region
as far as the temperature evolution is concerned. The m
netic ordering~marked by an arrow in Fig. 3! occurs with a
sharp increase inr for all three directions. We allocateTN to
the point of the maximum rate of change ofr with tempera-
ture. As demonstrated in the inset to this figure, where
derivativedr(T)/dT is plotted against temperature, for a
three axes the sharp minimum atTN is well manifested with
values in accordance with the magnetic data.

It can also be seen from the main graph of Fig. 3 that
resistivity reaches a local maximum for all three direction
deep within the ordered region, i.e., atTmax522 K for both
i ia and i ic, and at 41 K fori ib. The occurrence of such
maximum in the resistivity is a consequence of Brillou
zone boundary reformation processes, such as the pos
opening of a small gap in a part of the Fermi surface a
hence a reduction in the effective number of charge carr
arising from the formation of an antiferromagnetic structu
having a unit cell different from the chemical lattice. As w
indicated above, the value ofTmax differs by nearly 20 K
between measurements ofr perpendicular to the moment
( i ib) and those parallel to the moment plane (i ia or i ic).

Clearly, the resistivity becomes highly anisotropic in t
ordered region below the local maximum, in the sense thb
is the only axis along which the resistivity is found to d
crease~by about 30%) towards near saturation asT→0. On
the other hand, for the near-identical behavior of thei ia and
i ic curves, i.e., for the current within theac plane where the
moments are arranged in a cycloid,r first reaches a loca
maximum and then continues to increase asT→0. This low-
temperature limiting behavior for the in-plane resistiviti
could be fitted up to about 4 K to a phenomenological pow
law of the form r(T)5r0(12AT3/2), as indicated by the
solid lines superimposed onto the respective data sets in
4. We interpret the anisotropy seen in the electrical beha
on the basis of the way in which the moments are arrange
the ordered region. The cycloid is incommensurate with
crystal lattice and therefore precludes any periodic scatte
potential from being formed in either thea or c direction.
The low-temperature saturation for (i ia) or (i ic) is then due
to the progressive freezing out of magnetic disorder scat
ing with decreasing temperature. On the contrary, the cur
parallel tob has on its way slightly buckled chains of ura
nium atoms running parallel tob ~see Fig. 1! that effectively
presents a near-periodic situation and so after going thro
a maximum,r decreases accordingly to some constant va
at T50 K. The onset of saturation in the resistivity at lo
temperatures, irrespective of the current direction, is
agreement with the low-temperature demagnetization
occurs for all three directions also, as is seen in the sus
tibility data ~Fig. 2!.

The magnetocrystalline anisotropy in UPtGe is further e
emplified in Fig. 5 by measurements of the resistivity in
magnetic field up to 8 T. The difference in the isotherm
transverse field dependence of magnetoresistivity~MR!, de-
fined as Dr/r5@r(T,B)2r(T,0)#/r(T,0), taken for all

ty
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t
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three directionsi ia, i ib, and i ic is presented in Fig. 5~a!.
The situation fori ic is nearly identical to that ofi ia. For
current in these directions and with the field perpendicula
these directions, it is seen that the MR is small and nega
~MR .20.3% being the maximum value at 8 T!. At low
temperatures it behaves asBn, with n,2 ~see caption of Fig.
5!. Nevertheless, thenegativeMR can be associated with th
complex interaction with the field of the cycloidally arrang
uranium moments. In contrast to this, for the compou
UNiGe which has the TiNiSi-type crystal structure and w
a commensurate magnetic structure withq5(0,1/2,1/2), a
small, positive longitudinal MR was observed19 just prior to
the transition to a giant negative MR in fields generat
metamagnetic transitions. The MR values obtained
UPtGe at 8 T by the field variation~large filled circles!
closely follow the temperature variation of MR taken at
fixed 8 T field, the data of which are presented in Fig. 5~b!.
This indicates a high accuracy of the MR measureme
even if one is dealing with such small changes in MR. T
small magnitudes of MR are in agreement with the lo
character of the magnetism in UPtGe and indicate the la
stability of the cycloid structure. As high field magnetizatio
studies demonstrated,17 one can expect in the case of UPtG
a huge change in MR in fields as high as 30 T, where
metamagnetic transitions in UPtGe take place. This situa
is somewhat different in respect to UNiGe,19 where a giant
MR ~about 58%! could be observed already at 10 T, which
the critical field along thec axis. This huge MR was mainly
interpreted as a suppression of the antiferromagnetic su
zone by the field-induced ferromagnetic alignment.

Figure 5~b! also demonstrates fori ia, i ib, and i ic mea-
sured in 8T, a sharp negative minimum atTN in the tem-
perature dependences of MR,Dr/r5 f (T). Furthermore, the
MR goes through a maximum near 20 K fori ia and i ic, on

FIG. 4. The low-temperature resistivity of UPtGe for thea and
c directions. The solid lines indicate the adherence of both data
to a power law of the formr(T)5r0(12AT1.5).
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the one hand, and fori ib near 15 K on the other. Thes
maxima are probably connected with the common inflect
points of Tinf ~see Fig. 3!. The event of magnetic orderin
causes MR (B58 T) for i ib to pass through zero at 38 K
very near to the temperature ofrmax(T,B50), and conse-
quently turning positive towards low temperatures. Simi
to the situation for the hard direction is the behavior of M
for the polycrystalline sample~not shown!, thus resembling
the abovementioned similarity in the shapes ofrpoly(T) and
rb(T). A positive MR, as is seen fori ib, is typical of the

ts

FIG. 5. The magnetoresistivity~MR! Dr/r of UPtGe vs field
~left-hand panels! and vs temperature for the fixed field of 8
~right-hand panels! for the three principal crystal directionsa, b,
andc. On the right-hand panels the Ne´el point (TN) and the peak
positions (Tmax) are indicated by arrows. The large filled circles o
the right-hand panels show the corresponding points obtained f
the isothermal magnetoresistivity measurements. The l
temperatureDr/r vs B curves for thea andc directions follow aBn

dependence withn51.75 and 1.5, respectively~not shown!.
2-6
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effect of an applied magnetic field on the coherence, an
fect which dominates the behavior of the zero-field resis
ity along theb direction in the ground state. It is interestin
to note thatall the derivative curves show close to the te
perature of about 20 K a maximum pointing to the existenc
of inflection points~marked asTinf) in spite of increasing (a,
c axes! or decreasing (b axis! resistivities~see Fig. 3!.

The Hall coefficient (RH) was measured in the configu
ration i ia andBic ~not shown!. In the paramagnetic regio
RH increases monotonically upon cooling down toTN and
then decreases in accordance with the curve for thec axis
susceptibilityxc(T). Therefore it can be described using t
expression

RH5R014pxc~T!•RS , ~3!

where R0 is the ordinary Hall coefficient andRS is the
anomalous Hall coefficient. A good fit of the above equat
to the experimental data is obtained almost fromT>TN . The
obtained least-squares fit parameters amount toR0523.1
31029 m3/C andRS58.831026 m3/C. Assuming a single-
band description we obtain a carrier numbern50.2
31021 electrons/cm23 or equivalently 0.01 electrons/f.u
The value ofRS , which is three orders of magnitude great
than R0, emphasizes the fact that the 5f -electron moments
are localized centers of scattering with respect to the cond
tion electrons.

2. Thermoelectric power

Figure 6 illustrates the behavior of the thermoelect
power ~TEP! Si(T) for the three crystallographic direction

FIG. 6. The thermoelectric powerS(T) vs temperature for the
three crystallographic directionsa, b, andc of UPtGe.Si(T) sharply
increases nearTN ~see arrow in the main figure! before reaching a
common maximum near 20 K for all three directions.
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(a, b, c) in single-crystalline UPtGe. In the paramagne
region the data forSa and Sc , i.e., when the temperatur
gradientDT is applied along thea andc directions, are either
almost temperature independent (Sc) or weakly temperature
dependent (Sa) and showing only a small difference in the
room-temperature values (28 and 26.5 m V/K, respec-
tively!. On the contrary, theb-direction thermoelectric powe
(Sb) yields a fairly large, positive value of114 mV/K at
room temperature and goes through a broad maximum
140 K in the paramagnetic region. Such a maximum inS(T)
has been identified as one of the prototype behaviors
narrow-band effects in cerium20 and uranium compounds,21

very often connected with the combined Kondo and crys
electric field effects where usually an overall crystal-fie
splitting energyD is equal to 3Tmax.

22 Also of interest is the
fact that a distinct minimum is achieved at 60 K inSb , prior
to a steep increase upon further lowering of temperat
which is seen inS(T) for all three crystallographic direction
~see arrows in Fig. 6! and inS/T vs lnT ~see the inset of Fig.
6!, and which is associated with the magnetic ordering p
cess atTN(550 K). A precursor effect like this in the tem
perature dependence of the TEP is associated with the de
opment of moment coupling just prior to long-rang
antiferromagnetic ordering.23 Near 23 K the thermopowe
passes through a positive maximum and reaches va
amounting toSa511.1 mV K21 andSc513.7 mV K21 for
the two respective in-plane directions. On further coolin
S(T) for both these directions tends to go through a nega
minimum beforeT50 K is reached. The inset in Fig. 6 in
dicates a convergent behavior ofSi(T) towards the lowest
temperatures.

In general,Sa,c(T) has features characteristic of a numb
of antiferromagnetic Kondo compounds.24 A systematically
enhanced thermoelectric power for intermetallic uraniu
compounds may be understood in terms of the Mott25 rela-
tion betweenS and an increased electronic density of sta
at the Fermi level, which is commonly found in man
cerium20,24 and uranium intermetallic compounds.24,26 The
S(T) maximum observed at around 20 K correspon
roughly toTinf defined from ther i(T) curves~see Fig. 3 and
the inset!. The appearance of maxima inSi(T) for all three
directions well inside the ordered region compares favora
for example with the behavior ofS(T) found in single-
crystalline UNiAl,27 a hexagonal compound that orders an
ferromagnetically at 19.3 K in a complex, anisotropic ma
netic structure.28 The moments are also arranged at t
corners of triangles in the basal plane, similar to those
scribed for UPtGe.

Moreover, as is the case ofSb(T) in UPtGe, the TEP of
UNiAl along the hexagonalc axis is positive in the whole
temperature range, and peaks at a temperature of 10 K w
is also well within the ordered region.27 Thus, this behavior
is fully reminiscent of that ofSa,c(T) in UPtGe. Hence the
interpretation of the TEP results in these two uranium ter
ries should be convergent. We can also assume after Re
that the phonon or magnon drag contribution to the total T
plays a rather minor role inSi(T). Taking into account only
the electron diffusionSd(T), one may consider a more rel
2-7
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able two-band model29 in which the conduction electron
with density of states~DOS! Ns are scattered by 5f electrons
with a relaxation ratet f

21 and DOSNf . We obtain

Sd5
p2kB

2

u3eu
TS ] ln Ns

]E
2

] ln Nf

]E D
E5EF

. ~4!

Thus, the temperature dependence of the second term
to a nonlinearity ofSvs T and may yield a large value ofSd ,
which is a rather common phenomenon in uraniu
intermetallics.24,26 As a consequence of Brillouin effects i
the ordered state, the maxima inSi(T) are seen in the thre
principal directions of UPtGe, which arise due to the open
of a gap~or pseudogap! at the Fermi energy (EF) in the DOS
of UPtGe. This is connected with a closer packing
conduction-electron states with respect to energy in
gapped state, which increases the value of the deriva
]Nf /]E and hence determines its strongly peaked temp
ture dependence.

The characteristic features due to the band-gap openin
EF below the Ne´el temperature (TN517.5 K) have also been
reported in single-crystalline measurements of tetrago
URu2Si2.30 However, in this case the negative sharp maxi
of the TEP appear at about 13 K reaching magnitudes
225 and 248 mV/K for Sa and Sc , respectively. In
URu2Si2, a change in the sign ofS(T) at T.70 K, i.e., well
above the ordering temperature, has been attributed to c
peting contributions due to multibands with a hole charac
and with an electron character, respectively.

Finally, we want to mention that an analogue situation
the behavior ofS(T) was also reported in the detailed wo
of Paschenet al.31 for single-crystalline CeNiSn, having
characteristic features of the opening of a pseudogap in
DOS at EF , which drives theSi(T) through pronounced
maxima at low temperatures. However, the reasons o
pseudogap arising in CeNiSn are not connected with the
set of a magnetic ordered state. The above discussion cle
indicates that the sharp maxima at low temperatures inS(T)
of a number of Ce and U intermetallics have different o
gins. Further detailed studies on this subject are neede
order to formulate a quantitative description ofS(T) in
strongly correlated electron systems.

IV. CONCLUSIONS

The results of measurements of the temperature and m
netic field dependences of the magnetic susceptibility, e
trical resistivity, and thermoelectric power point toward
strong out-of-plane anisotropy in the electronic behavior
UPtGe. The reason for the existence of the anisotrop
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28K. Prokeš, F. Bourdarot, P. Burlet, P. Javorsky, M. Olsˇovec, V.

Sechovsky, E. Bru¨ck, F.R. de Boer, and A.A. Menovsky, Phy
Rev. B58, 2692~1998!.

29F.J. Blatt, P.A. Schroeder, C.L. Foiles, and D. Greig, inThermo-
electric Power of Metals~Plenum Press, New York, 1976!.

30J. Sakurai, K. Hategawa, A.A. Menovsky, and J. Schweizer, S
State Commun.97, 689 ~1996!.

31S. Paschen, B. Wand, G. Sparn, F. Steglich, Y. Echizen, an
Takabatake, Phys. Rev. B62, 14 912~2000!.

32J. Schoenes, U. Barkow, M. Marutzky, H. Schroter, R. Troc´, and
T. Komatsubara~unpublished!.
2-9


