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We have performed measurements of the specific heat and resistivity in static magnetic fields up to 12 T, as
well as magnetic measurements in a static field of 0.1 T and in pulsed fields up to 50 T on high-quality
UX; (X=Ga, Al, and Snsingle crystals. The behavior of the electronic specific heat coefficients in applied
field v(B) either remains nearly constant or increaseB ascreases and is inconsistent with the expectations
of the single-impurity model. For UGadifferent de Haas—van AlphefdHvA) frequencies are observed
above and below a magnetic transition at a fejg~12 T atT~0.5 K, indicating that a major reconstruction
of the Fermi surface occurs. Neither UStor UAI; exhibited a magnetic transition in fields to 50 T, and only
a single weak dHvA frequency was observed in these compounds. The difference between the behavior of the
UX3; compounds can be attributed to the degree of hybridization of thefiitals with the conduction electron
orbitals. UGg behaves as an itineranfflectron system, while UAlhas a tendency to localization, but is still
relatively delocalized. USnis a heavy fermion compound. Concurrent to our experimental investigations we
have performed calculations of the energy band structures of the three compounds. Owing to the deldcalized 5
behavior of UGg, and also of UAJ, we find that an itinerant, energy band approach explains the dHvA
frequencies of antiferromagnetic Ugand paramagnetic UAlreasonably well. For UGaan unusual sensi-
tivity of the magnetic moment to the magnetic structure and the lattice parameter occurs, providing evidence
that UGa is an unique example of an itinerant uranium-based antiferromaj@@163-18209)04321-0

. INTRODUCTION magnetic fields to 50 T on samples of UGaJAl;, and
USn;. From the measurements of the specific heat in high
The uranium compoundsX4, whereX is a llIA or IVA  fields and the de Haas—van Alph@tHvA) effect, we gain a
element, Ru, or Rh, crystallize in the cubic Au@ype great deal of insight into the physics of uranium compounds.
structure with a U-U separatioth,, between 4.0-4.3 A. For UGa, which has a magnetic transition at a fidg, of
This value ofd., is much larger than the Hill limit for about 12 T at 0.47 K, the measured dHvVA frequencies are
uranium compound&and using the Hill criterion, one might different above and beloB,, indicating a major reconstruc-
naively expect magnetic ordering in all of the mentionedtion of the Fermi surface has occurred. This transition, how-
UX5; compounds. Instead, they display a wide range of beever, displays no, or at best a very small, anomaly in the
havior: Pauli enhanced paramagnetism (yJAUSi;, UGe;,  magnetization and magnetoresistance, which is quite excep-
and URR), antiferromagnetism (URh UGa;, UTI;, and  tional. For the time being, the exact nature of the transition is
Uln,), heavy fermion behavior (USh, and superconductiv- unclear, though we hypothesize that it is due to a change in
ity (URuz).23# The different behaviors can be explained by antiferromagnetic structure. For UAand USR no magnetic
the great variation in théelectron hybridization with th&X  transition was observed for fields less than 50 T Tat
atoms, p, andd orbitals® The effect of the different hybrid- ~0.5 K and only a single weak dHvA frequency could be
ization strengths becomes apparent in the electronic specifigetected in both compounds. The results on Y§hould in
heat coefficienty which varies from 14 mJ/mole®in USi, general be explained by theories relevant to spin-fluctuation
to 171 mJ/mole K in USn,.1>® systemgsee, e.g., Ref.)7though there are some discrepan-
Due to the cubic crystal structure, the wide range of hy-cies. One fingerprint of spin fluctuations is an upturn in the
bridization strengths, and the availability of high-quality specific heaC/T at low temperatures. In an early study such
single crystals, the ¥, compounds are excellent for exam- an upturn was observed below 3.5 iyt later studies could
ining how the measured physical properties and underlyingiot confirm this®® The temperature dependence of the resis-
electronic structure are interrelated. To determine these irtivity, on the other hand, contains & term?° which indi-
terrelations, we have measured resistivity and specific heat icates spin-fluctuation effects. Some vague indications of
static fields as high as 12 T, and magnetization in pulsedpin-spin correlation effects could also be deduced from
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neutron-scattering experimerttsUAl;, though not a heavy 800 P R o
fermion compound, has been categorized also as a spin- I
fluctuating system? An upturn in C/T has, however, not
been reported, but our specific heat data are consistent with
UAIl; being a spin-fluctuating system. As the appropriate
model to classify USpand UAL is one of the current ques-
tions, we shall consider also the validity of the single-
impurity model to describe these compounds, next to the [ e
spin-fluctuation model. UGadoes not behave as a typical I el USn

spin fluctuator, but rather the large hybridization leads to a I 200 e 8 1
stable, itinerant 5-electron antiferromagnet, as evidenced by Lo ” ]
numerous different measurement techniques. Our band struc-
ture calculations establish the itinerant picture of Y®a-

ther. Within the itineranf-electron approach, an overall rea-
sonable explanation of the measured dHVA properties in the T (K)

antiferromagnetic structure is attained. The itinerant _

5f-electron approach also provides an explanation for our FIG.- 1. The measured value 6f/M at a field of 0.1 T for
measured dHVA data of UAl The nature of the Bs in UGa;, UAl;, and.US@...The onset of antiferromagnetic order in
UAI; has not yet been thoroughly investigated; one of the”C2 atT=Ty is identified by the arrow.
aims of the present study is to determine its proper classifi-

cation. Our investioation points to a relatively delocalizdd 5 column in the Periodic Table as is seen in the IVA series
lon. Dur investigation pol Ively 12 where UGg has a lattice parameter that is 0.17 A larger
behavior at low temperatures.

than USj. We attribute the anomalous behavior of the lattice
parameter in UGarelative to UAL as being due to the much
Il. EXPERIMENTAL TECHNIQUES larger hybridization in UGa causing the formation of B
bands which lower the U-U spacing.

The measured inverse susceptibilithe value ofH/M in
an applied field of 0.1 Y versus temperature for Uga
UAI;, and USpg is shown in Fig. 1. There is clearly a rise in
H/M atTy=68 K for UGg that corresponds to the onset of
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Single crystals of X; (X=Ga, Al, and Shwere grown
using a standard flux technigiréwith excessX used as the
flux in each case. The starting constituefits mol % U in
excessX) were placed in an alumina crucible and sealed in

an evacuated quartz_ampoule. After the ampoules Werg o romagnetic order; foF>Ty, there is no evidence for
slowly cooled through an appropriate temperature cycle, they o \weiss behavioithis has been shown to hold up to 900
were removed from the furnace at a temperature where thﬁ by Murasiket al1%) which has been explained by the itin-
excesQ( was still m°|ten' allowing the excess flux to be SPUN o ant nature of the Belectrons® This itinerant view of the
Off using a centr_|fuge. The resulting well-separgted smgI%f electrons is also supported by the pressure dependence of
crystals were typically cubes of a few mm on a side. Ty - XY From neutron diffraction ang.SR experiments, the
theﬁ:;%?gg;i ]:tut[e—r%c;ga%er:z%etwg?;r\:\éaesffosridotsc‘) trg%azssur agnetic structure has been shown to consist of spins that
' rre ferromagnetically aligned ifL11) planes with adjacent

A thermal relaxation method was used to measure the sp 111 ol bei i icall K8d° Whil
cific heat of small 10-40 mg samples in the temperature D_p anes being anti erro_magnetlca y coupied. e
e direction of the magnetic moments is not yet known un-

range from 1.3-20 K in a standard superconducting magnét1

capable of producing static magnetic fields as large as 12 Te}mbiguous_ly, there are ex_perzignental N the. mo-
The magnetization was measured in a Quantum Desigments are in th€001) direction?” We shall come back to this

SQUID magnetometer with an applied field of 0.1 T andpoint when discussing our calculations. The total moment of

temperatures ranging from 2 to 350 K. Also, the magnetizalGa; is ~0.9u/U.*® USny displays behavior typical of a
tion and dHVA effect were measured with counterwound,moderate heavy fermion systémFor T>20 K, USn
highly compensated pickup coils in pulsed magnetic field€xhibits Curie-Weiss behavior withues=2.29ug/U and

up to 50 T at the National High Magnetic Field Laboratory ®,=47 K, while at low temperatures the magnetization
in Los Alamos; the sample was in 3He environment and takes on a constant value after going through a maximum.

the temperature was varied between 0.47 and 3.5 K. UAI; displays a maximum in the measured susceptibility at
~200 K, and from a previous report, Curie-Weiss behavior

is seen from 240-800 K Neither USR nor UAl; shows
IIl. RESULTS AND DISCUSSION magnetic ordering down to 1.5 K.
A. Experiment The measured resistivities for thex samples are shown
. . . . in Fig. 2. The values of the residual resistivity ralRRR
From our x-ray d|ffract|o_n res_ults, it was determined thatEp(z%K)/p(4 K) are 49, 38, and 37 for USn UGa;, and
all of the samples crystallized in the Augtype structure UAI,, respectively. The resistivity ratio for UGas much
with cubic lattice parameters of 4.607, 4.260, and 4.264 /&h|gher than previous]y reported values 1.7 and4vi6_|_|:or
for USn;, UGas, and UAL, respectively, in good agreement yGa,, there is a kink in the resistivity at 68 K, as shown by
with the literature valued.lt is interesting to note that the the arrow in Fig. 2, corresponding to the éléemperature
lattice constant of UGgis less than that of UAl It would be T, determined from magnetization measurements shown in
expected that the lattice would expand as one moves downFig. 1. At low temperatures, both U$mnd UAL display
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FIG. 2. The measured resistivities for UsrJGa, and UAk. _ -
The antiferromagnetic transition &f,=64 K in UG is identified FIG. 4. The measured zero-field heat capacitiesdotSr; and
by the arrow. (b) UGa; and UAL. The lines are fits to the data as described in the

text.

resistivity that is proportional t& T2 with a value ofA that is i L ,
behavior extends over the entire field range with no observed

much larger than for typical Fermi liquids. This large value anomalies. The implications of the magnetoresistance mea-
of Ais typical for a spin-fluctuating system and is consistent ' P 9

with classifying UAL and USg as spin fluctuator®2 Eor surements on t.he Fermi surface will be discussed further
USns, however, from both susceptibility and resistivity mea- )[,iV:r?sn we examine the resuilts of our band structure calcula-
surements, a small percentages vol %) of the sample dis- THe zero-field data from specific heat measurements are
plays superconductivity below 3.7 K which can be explained P

by the existence of Sn inclusions. Neither YAlor UGa shown in Fig. 4(note that the _value; forlugmave been
displayed traces of superconductivity down to 300 itie qorrected for the.amount of Sn |nqlu5|ons in the sampibe
values of T, for flux inclusions would be 1.2 K for Al in lines represent fits to the data using

UAI; and 1.1 K for Ga in UGg. The magnetoresistance, C/T=y+ B*T2+ 6T2InT, @)
determined aff=1.7 is displayed in Fig. 3 and does not

saturate up tdB=10 T for any of the three compounds. where y is the linear temperature electronic specific heat

When the data is fitted to the formula coefficient andB* is given by
p(B)—p(0) B i B* =B+ Bmag— 1IN Tsg ()
p(0) and is the sum of the Debye terg the antiferromagnetic

in the range 3 EB<10 T, we find from least squares fits, MagNoN terMB,5q (Which is zero except for antiferromag-
n=0.94 for USn, 2.04 for UGa, and 1.83 for UA} with netlcall)_/ ordered systemsand § and T¢; are due to spin-
uncertainties determined from the fits on the order of 19 luctuation effects. Alsoj can be related to the Debye tem-
We have extended the measurementBe:50 T at T  Perature®p by the relation

=0.5 K on UGa (not shown and found that the quadratic

1.944x 10° r)1/3 @
D=\ T 45 ’
o75F T 'T" '1' T 'I<' LA L L A L __ ﬁ
=17 ] wherer is the number of atoms per unit cell ads in units
of mJ/mol K*. The data were fit to Eq2) from 1.5 to 11 K.

S 0.50 The data for USgis shown in Fig. 4a) and could be fit well
- without a spin-fluctuation term. This is similar to the result
é of Normanet al® who were able to fit the data both to a
< Debye and a spin-fluctuating form. Measurements to lower
8 025 4 temperatures are needed to positively conclude if the specific
Q

heat of USg behaves as a spin fluctuator. The data for YGa
and UAL are shown in Fig. ). UGg; is fit well without the
inclusion of spin-fluctuation effects. The same is not true for

R UAIl; and the fit shown in Fig. @) takes into account the
0 2 4 6 8 10 12 spin-fluctuation terms. This is consistent with the results on
B (T) Up sThg sAl; where a clear minimum is seen in a plot@fT

versusT? which is a clear signature of a spin-fluctuation
FIG. 3. The magnetoresistance versus applied magnetic field a&ystem?® It should be mentioned, however, that this com-
T=1.7 K for USn;, UGa;, and UAL. pounds crystallizes in the noncubic DO19 structure in con-
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TABLE I. Physical properties from zero-field specific heat mea-

surements on UGa USrg, and UAL.

Compound vy (mJ/molkK®)  B* (mJmolky  BOp (K)
UGg 52.0£0.2 0.342
USn, 171.9-0.5 1.403 177
UAI, 43.2+0.1 ~0.126 -

trast to the X3 compounds. All of the parameters deter-

mined from the current specific heat measurements are

displayed in Table | and agree well with the valuesyadnd
0 given in previous reports®® The error bars given foy

are simply statistical values from the least square fits. The
actual experimental uncertainty is in the 1-3 % range. Also, — T T T

it should be noted thay was determined for temperatures

above 1.5 K and that deviations from our reported values

may occur at lower temperatures.

Though we have obtained evidence for the applicability of

a spin-fluctuation model to UAJ and to a lesser extent on
USn;, we will also test a single-impurity model on our sus-
ceptibility and specific heat data. The results on JSmd
also UAL, are consistent with the Cogblin-Schrieffer model
for a single-impurity with total angular momentutdis-

solved in conduction electrons, where one expects a maxi

mum in the susceptibilif that is directly related to a char-
acteristic temperaturd, which in turn is related to the
hybridization. Using the results of Rajahwe find the best
fits to our susceptibility data usinfy=3/2 andT,=61 K for
USn; andJ=5/2 andT,=830 K for UAl;. Using the same
parameters, the theory predicts values foy of
27 mJ/mol ¥ for UAl; and 210 mJ/mol K for USn.

These values are in reasonable agreement with the measur

values in Table I. From these results, one could conclude th
USn;, and also UA] are strongly correlated Kondo-lattice
systems with the hybridization stronger in UA(T,
=830 K) than in USp (Ty=61 K). In UGg, the hybrid-
ization is of sufficient strength for thef5electrons to be
considered itinerant and to make Uaehave in a similar

manner to transition metal compounds. One might think tha

the value ofy for UGas, which is larger than that for UA|
is somewhat anomalous. However, this can once again
explained by the different degree of hybridization of thie 5

orbitals with the conduction electron orbitals, which may for

UGg; lead to a significant contribution of itinerant ®lec-
trons located at the Fermi ener@y to the density-of-states
N(Eg) and therefore toy.

Application of magnetic fields to heavy fermion systems
can lead to dramatic effects in the measured specific healt™

with the value ofy(B) tending to decrease with applied

field.21?® This has been explained in the single-impurity
model by the broadening of the Kondo resonance with ap

plied field® It can be shown thag(B) in the single-impurity
model may be written as

2

y(B)= 5

21-1/2
R + -
2%0 WkBR) } ’

where vy, is the zero-field value ofy(B), N is the degen-
eracy,u is an effective magnetic moment, aRdis the gas

(N—l 3B
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FIG. 5. The measured electronic coefficients of specific heat for
USn;, UGa;, and UAL as a function of the applied magnetic field.

plain the observedy(B) behavior in numerous Ce and U
compound£®-28 Extending the analysis to the lattice case
'3 the Anderson lattice model yields qualitatively similar
sults?® There are, however, systems which do not obey Eq.
). For example, in systems for fields below a metamagnetic
transition fieldB,,, it has been shown experimentally on
CeCuySi,,* CeB;,*! and UPj (Ref. 32 and theoretically?
that y(B) can increase foB<B,, but then decrease fd3
>By, according to Eq(5). Also, other compounds, such as
pAuS (Ref. 39 and CePtS{Ref. 35 show almost no varia-
tion of y(B) with applied field: this behavior could be ex-
ained by a metamagnetic transition occurring at a figld
higher than the field range employed in the specific heat
measurements. However, it is also possible that there are
contributions to the specific heat that are not electronic that
enhance measureg values. These enhancements, such as
magnetic correlations, can increase with applied field making
v appear to increase, though the actual behaviorydé
asked by the added contributions. It is impossible to deter-
mine the purely electronic m*) contribution if these
other effects are not negligibf8.
_ The measured values e B) for USn;, UGa;, and UAL
of the current study are displayed in Fig. 5. Also, the mea-
sured values oB* (B) (not shown do not change within the
experimental uncertainty for any of the measured com-
pounds. For UGaand UAL, the measured/(B) does not
change within the experimental uncertainty in fields to 12 T.
This would be consistent with the results on other systems
for fields below a metamagnetic transition, but is also what
one expects from an itinerant, transition metallike compound

constant’ This expression has been successfully used to exahere magnetic field has only a small effect on the density of
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FIG. 6. The measured sign@hduced voltage versus inverse FIG. 7. The calculated fast Fourier transform of the de Haas—

applied fieldB~! for UGa; at T=0.47 K. There is a jump in the van Alphen data both above and bel@y for UGas.
data at the magnetic transition B}, . de Haas—van Alphen oscil-
lations are clearly visible, with a different frequency spectrum

constant or increase with increasing field, which would make
above and belovB, .

the dHVA signal even more difficult to detect.

All of the dHVA measurements were performed on single
ystals that were roughly cubes 6f0.6 mm on a side with
the magnetic field applied along tk&00) direction. The raw
magnetization data for UGat 0.47 K is displayed in Fig. 6.
CAs can be seen, there is clearly an oscillatory dHVA signa-

states. However, most compounds which undergo a met%—r
magnetic transition exhibit a peak i(B) at By, which is
not seen in the current study on UGand as will be dis-
cussed later, the magnetization is inconsistent with the o

currence of a metamagnetic transition in YGahe results ture in the data. There is a jump in the signaBaf corre-

for USn, a“?thsom‘nga; e}gortr;atlolljs mas we ftmd rghk?tB) sponding to the magnetic transition. It is also apparent that
mk;:reases,l wi apr;_let 1€ 't" u f§ld088 r;o S?JXTI +han _fthere is a significant change in the frequencies of the dHVA
observable magnetc transition in nelds up to - 1NUS, Tyata above and belo®,, . The fast Fourier transforFFT)

USn; does not have a metamagnetic transition at a fiel " I :
. oo . i .~ of the measured data for falling fields on UGa shown in
higher than 50 T, it is impossible to reconcile the specmcFig. 7. The value 0B, is in the range of 12—14 T for the

heat measurements in applied fields with the single-impurit emperatures that were measured (0.4% K<3.5 K). For

or Anderson lattice models unless other components to th§<B (5 T<B<10 T) three frequencies were detected
specific heat besides electronic contributions are not negli,[-qt M '

ible and need to be accounted for. Further measurements ough there may be higher mass branches of the Fermi sur-
9 ' fice that we could not detect in this relatively low field range

¥(B) and the magnetization to higher fields and lower tems here our sensitivity to pieces of Fermi surface with large

peratures than reached in the current study would be use‘(masses is rather poor. A summary of the measured frequen-
to understand the/(B) behavior. . _cies, masses and Dingle temperaturesBerB), is given in
Measurements of the dHvA effect are the most Precise_vie 1l For B>B (156 T<B<32 T), ten frequencies
. M 1

experimental propes O.f the Ferm(;};urface in metals. In Jvere detected, and with the possible exception of the Fermi
pulsed magnetic field, it can be showhat the temperature surface branch &~870 T, none of the frequencies overlap

and magnetic field dependence of the dHVA sigha given with those measured belo®,,. The dHVA data forB

by >By is summarized in Table IIl. From this data, it is obvi-

2 " ous that there is a major Fermi surface reconstructidsat
E) (ﬁ) exy 14. /" Tp /B] , (6) as has been observed in other uranium systems such gs UPt
B2\ dt ] sinH 14.7m* T/B] and UPdAl; that display a metamagnetic transitidt! As
. . . . mentioned earlier, the transition in UGas unlikely meta-
rivgr?rgfslihtginf;i;%gz(?i/eg mir'::tasm(;:‘ ?Ituirsfa;ﬁi Ft)ilrizeTm gues'magnetic where one expects a drastic change_ in the character
the 'Dingle temperature, armi* is the éffective m:'jlsD:éin of the f electron which manifests itself as an increase in the
s o, e fee slocron masshn sxamnaton of Eq. TSRO o8 16 oter o e see o aes
(6) reveals the difficulty in detecting dHvA oscillations in

heavy fermion materials as the valuerof , which strongly
reducesS asm* increases, can be very largealues ofm* TABLE II. Measured de Haas-van Alphen frequendigsef-
as high as 11, in UPt; have been observ&. It is impor- fective massesn*, and Dingle temperature¥, for B<B,, in
tant to note that the value of* has been observed to scale YC%-

with y(B) as determined by dHvA and specific heat mea-

S(B,T)x

*
surements on the same compodhd3°As previously men- FM m*_(me) To (0
tioned, y(B) tends to decrease with increasing field, making 885 1.9-0.2 0.8
the reduction in dHVA signal smaller than if the masses re- 980 0.6-0.1 2.9
mained constant. However, as seen in Fig. 5, the samples of 1514 0.2-0.2 2.0

the current study have values o{B) that either remain
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TABLE Ill. Measured de Haas—van Alphen frequenciesef- U{i‘,n3

fective massesn*, and Dingle temperature$y for B>B,, in 2 v

UG, w%v EA W
F (T) m* (m) To (K) s E \/\/\; i
287 1.4:0.4 13 > | \ ; \;7 "\/ _
479 3.0:0.6 1.3 \; / ~ f \
607 2.9-0.4 31 o' 7 /\ N
861 1.1-0.6 2.2 @ \Z %
1367 4.0:1.5 0.3 L W
1727 2.1-0.8 1.1 -1r \/ \/v
1929 0.8:0.4 1.8 ]
2377 1.5-0.6 2.3 /\ /\
2512 5.0-1.4 0.8 20 A T /\X S XA T /\M
2988 1.5-0.6 0.7

FIG. 9. The calculated band structure of paramagneticsUSn
The results are similar to those of Stran&ef. 41, except that we

C(T), we could not detect an anomaly which could be re-find only a single band crossing the Fermi enetay0 eV) in the
lated to the transition aB,, observed in the magnetization x-m direction.

and dHVA in fields to 12 T and temperatures down to 1.3 K.

The deA_data for USg ar]d UAL yield only a single _ B. Band structure theory
frequency which can be seen in the FFT of the magnetization i
versus inverse field data for Ugand UAL shown in Fig. 8. Numerous band structure calculations have been made on
Though numerous peaks appear in the FFT for LiSrFig. the UX; compound$3~4° Our own calculations of the band
8(a), after calculating the effective masses, all but the peaftructure of UAL, USr, and UGg have been performed on
labeled with an asterisk &=2080 T havem* <0.7m, and the i_Ja5|s of qlens_lty-functlonal theory in the I0(_:al spin-
correspond to measured frequencies for elemental whitd€nSity approximationL.SDA) (see, e.g., Ref. S0This ap-

Sn“2 Because of this, we ascribe only the peak marked witHProach is appropriate for itinerant glectrons._v_\/e_ have com-
an asterisk to be from USnwith the others coming from puted the energy band structure using a relativistic version of

. 51
white Sn(this agrees well with the observation of Sn inclu- the augmented-spherlcal-wa((AS\Al) method: Befor'e we
sions in our resistivity and magnetization measuren)entsd'scuss our results, we mention that other calculations were

. 43,49
and from the temperature dependence of the FFT amplitug®@r€viously performed for USnand UAL.™™ Strange com-

we estimate that & m* /m.< 15 for these carriers. As can be Puted the Fermi surfaces of paramagnetic yiarthe simple
seen in Fig. &), UAI; only shows a single weak peak at cubic(so) AuCu, structure®® and obtained five Fermi surface
F=2510 T. Due to the small amplitude of the dHVA oscil- sheets. In general, the calculated Fermi surfaces tend to be
lations in UAL, it is impossible to accurately determine the closed. Along with our magnetoresistance measurements

effective mass of the carriers, however, we can estimate thathich do not tend towards saturation, it appears thatgJSn
1<m*/m<4. and also UA}, UGa, are compensated metals, though we

need to do angle-resolved measurements of the magnetore-
sistance to say this with certainty. In our own calculations of
the band structure of Ugnshown in Fig. 9, we could con-
firm the results obtained by Strange, however, with the dif-
ference that the tiny Fermi surface sheet labefed by
Strangée®® does not appear in our calculation. This tiny Fermi
surface sheet corresponds to the energy band invtheX
symmetry direction, which, in our calculation, falls just be-
low Eg (see Fig. 9. A summary of the calculated Fermi
surface parameters is given in Table IV. As mentioned, the

TABLE IV. The calculated Fermi surface parameters of §JSn
which contains two closed orbits around fReoint, anM-centered
ellipsoid with two extremal areas, and a piece in the middIE -6t
(see Fig. 9 for band structyre

FFT Amplitude (arb units)

Orbit center Fermi surface arékT) Band mass f1,)

e AT o R 3.03 4.81

0 2000 4000 6000 8000 R 5.24 4.69

F (T) M 1.37 0.92

M 0.49 0.28

FIG. 8. The calculated fast Fourier transform of the de Haas— 1.27 1.70

van Alphen data for USnand UAL.
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UAI, makes its detection more difficult. The other, smaller ex-

\/ tremal orbit on the Fermi surface sheet nicely coincides with
&J
\%

both the frequency and mass measured by dHVA and deter-
mined from the band structure calculations are in good
agreement. Although as yet the nature of the uranidm 5
electrons of UA} has not been thoroughly investigated, the
agreement we have reached for the Fermi surface would ad-
vocate an itinerant nature of thef States. In the itinerant
approach, the b electrons fom a 2 eV wide band in the
immediate vicinity of the Fermi energisee Fig. 10 A lo-
calized description of the 5 would remove the 5 states
from the vicinity of Ep, leading thereby to a drastically
changed Fermi surface. The calculated, unenhanced elec-
M X T M tronic specific heat coefficient=16 mJ/mol K is a factor

FIG. 10. The calculated band structure of paramagnetic;UAI of 2.5 smaller th_angour experlmental value. The elsewhere
There is only a single band that crosses the Fermi energy, théj{eported calculaﬂoﬁ, however, yieldedy=3.7 mJ/mol |€,

forms a closed orbit about tfe point in thez=0 plane, and a large & Value deviating significantly from ours. A many-body en-
“dogs bone” orbit about theR point in the extended zone at hancement factor of 2.5 is still acceptable for uranium com-

=1/2. pounds, so that we may conclude that the electronic specific
heat coefficient, too, can be explained within an itinerant

shape of the calculated Fermi surface is in good a reemer?tf_e“aCtron model.
P 9 9 As mentioned before, UGahas an antiferromagnetic

with that of Strang® though there is a discrepancy in the round state, where there are uranium moments aligned par-

calculated band masses. Our detection of a dHVA frequencg . . ; .
. . . llelin (111) planes which are coupled antiferromagnetically
of ~2 KT with a mass on the order of 5415 is consistent to the adjacent111) planesi®® The direction of the mo-

with the f|r§t or secondr-centered orbit I|ste_d n _Table V. ments themselves is not known at present, though there are
However, since band-structure theory predicts five eXtrem%dications that the moments orient in th@01) direction??

orbits, it remains to be solved why the other calculated dHV'A\Ne have investigated the ground state magnetic structure by

ILeaqtutﬁre]zC;TcSIaa \tlg dnl(_jélgzek?anm desazltjrtﬁcei. Fltercrﬁin’er?;rcouézer’m%%rforming total energy calculations for several magnetic ar-
9y angements, viz. the mentioned antiferromagnetic structure

strai_ghtforwardly correspon.d 0 the measured_ heavy quastiith the moments aligned in either tH601) or the (111)
particle band.s. The latter arise from smgle-pargcle bands thadirection, two ferromagnetic structures with the moment
are substantially renormalized by many-body interactions. aligned either along théd01) or the (111) axis, as well as

While the band structure of UAlhas been calculatéd, % ramagnetic UGa Our calculations show that the consid-

the single dHvVA oscillation we have detected for YAls

Energy (eV)

Y
<
s s (T

the actual Fermi surface parameters have not been report ed antiferromagnetic arrangements have the lowest total

in the Ilte_rature. We have Comp“t_ed the band structl_Jre 0 nergies, followed by the ferromagnetic structures, having
UAI;, which we find to be quite different from a previous energies higher by about 35 meV per formula ufif), in

report?® Specifically, the latter band structure displays muI—turn followed by the paramagnetic phase, being agai’n higher
tiple bands crossﬁng the Fermi Ieyel, e'%'g’ four band crossingﬁ] energy than the ferromagnetic phases E)y about 30 meV/fu.
betweerX andM in _the sC Brl!low_n zon€: The l:_)and SUUC- £rom a comparison of the total energies of the two antifer-
ture we calculated is shown in Fig. 10. There is not a Slngleromagnetic structures we find that the one with the moments

3?22{8;055'.2?' ;ge(tjwffier);nigd I(\)A(;CF(r)r|:1h§ (r)t:aelrc Sé?(;?]ett%realigned in(001) direction ha a 4 meV/fu lower total energy
directions siml : S ur. u uatl than the correspondingl1l) direction. As a consequence,
is altogether only one open Fermi surface shéén the

symmetry axisR—T there is one band that is close to. but we obtain a ground state consisting of moments in antiferro-
d>(;es notycros:E ) On this Fermi surface sheet there is’ onemagnetlcally coupled1D) planes, while the moments them-
extromal orbit cgﬁtered at tHiepoint in thez=0 plane. and selves are parallel to th@®01) axis. This magnetic structure
also a large “dogs bone” type orbit in the extended zoneddrees with that inferred from experimef?s?° Our calcu-
scheme, centered at thiepoint. The calculated Fermi sur- lations reveal that the magnetic moments are unusually sen-

face parameters are shown in Table V. The dogs bone orb tive to both the magnetic structure and the lattice param-

has a large Fermi surface area and a heavy mass whiéﬁer' Thef contribution to the uranium moment is 04§ for
' the (001 antiferromagnetic orientation, but only 0,30 for

_ the correspondingl11) structure, the spin part being about
TABLE V. The calculated Fermi surface parameters of YAl 1 g5, in both cases. The two ferromagnetic structures dis-
There is a single closeli-centered sheet and a large dogs bonep|ay 5 similar behavior: thé contribution to the moment is
R-centered orbitsee Fig. 10 for band structyre close to 0.4@g for the (001) orientation, but only 0.30g
for the (111). However, for the ferromagnetic structures the

Orbit center Fermi surface aréel) Band mass i) spin and orbital contributions are quite different from those
r 1.74 1.64 of the antiferromagnetic phases, only 33 —1.78ug,
R 14.08 5.24 respectively, for thg001) ferromagnetic phase. Thus, both

are 0.2z smaller than the equivalent contributions to the
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FIG. 11. The calculated band structure of UG the antifer- .
romagnetic(AF) state as discussed in the text. FIG. 12. A largel'-centered rugby ball shape portion of the
antiferromagnetic Fermi surface of Ugshown in the reduced fcc

moment for the(001) antiferromagnetic phase. Tha11l) Brillouin zone.
ferromagnetic state has the same spin contribution as the
(002) state, but the orbital part is reduced again by @J0  The flat bands visible in Fig. 11 in the energy range-@f.2
These moments are calculated for the lattice constant to 2 eV are the uraniumfSbands. Of these bands, two dou-
=4.248 A of Ref. 52, which is slightly smaller than the bly degenerate bands are found to cross the Fermi energy.
value of 4.260 A we determined. Our calculated groundThe Fermi surface sheets belonging to these two bands are
state uraniunf moment of 0.4@g is considerably smaller shown in Fig. 12. There are, for th@01) direction, three
than the experimental one, which ranges from Q.82 branches: a largk-centered rugby-ball shaped sheet shown
(Ref. 14 to 0.95u in a more recent study In the present in Fig. 12, and the other two are extremal orbits on the en-
calculation we have not taken the so-called orbital polarizatangled sheet shown in Fig. 13. One of the extremal orbits is
tion into account, which would increase the orbitallocated on the neck around tiZepoint, whereas the other
moment* But we wish to point out that a small expansion of one is located around the long axis of the bend ellipsoids in
the lattice parameter causes the moment to rise, which wiée z=0 plane. The results of the Fermi surface calculation
find to be the case especially for the ferromagnetic state; e.gof antiferromagnetic UGaare summarized in Table VI. The
a 0.7% larger lattice parameter yields already a 50% larger prediction of three extremal orbits is in agreement with our
moment of 0.6@g. The uranium moment thus depends dHVA results where only three Fermi surface sheets are de-
critically on the magnetic structure and the lattice parameteitected forB<B,,, and there is reasonable agreement be-
which is uncommon for uranium compounds. We considetween the masses determined by dHVA measurements and
this as clear evidence that UGB, rather atypical for ura- those in Table VI. The calculated dHVA frequencies, how-
nium compounds, an itinerant antiferromagnet. ever, are not in a one-to-one correspondence to the measured
The unenhanced electronic specific heat, too, is calculatefiequencies. The dHVA frequency of the extremal orbit on
to be sensitive to the magnetic structure. In a previoushe I'-centered Fermi surface sheet is much larger than the
study’’ it was reported that the experimentaly three measured frequencies. The explanation for this could
=52 mJ/mol ¥ is reproduced by the calculated, unen-
hancedy, taking a reasonable many-body enhancement fac-
tor of 2 into account. Also in the present calculations we
obtain y=26 mJ/mol ¥ for the paramagnetic state and
25 mJ/mol K for the (001) ferromagnetic state, but for the P
antiferromagnetic ground state a much smaller value of 12 tc /:\"
/ |

16 mJ/mol ¥ (depending on the precise lattice parameter
The electronic contribution toy of the antiferromagnetic
state was not calculated previously, but in view of the fact
that our calculation for the paramagnetic state reproduces th
results of a previous calculatidhwe consider the computed
y=12—16 mJ/mol K to be trustworthy. This indicates that \/
there is a notable many-body enhancement factor of 3.3 tc
4.3. The mechanism causing this many-body enhancement i
currently unknown.

The calculated energy band structure of Y@athe in-
ferred antiferromagnetic structure with the moments in the
(001) direction is shown in Fig. 11. Due to the antiferromag-  FIG. 13. Two pieces of the antiferromagnetic Fermi surface of
netic order the number of atoms in the unit cell is doubled.UGa; are found on the shown entangled sheet displayed in the
We use therefore an fcc unit cell to describe this structurereduced fcc Brillouin zone.
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TABLE VI. The calculated Fermi surface parameters of antifer-extreme sensitivity of the moments, and therefore of the en-
romagnet UGa (see Fig. 11 for band structyreThere is a rugby  ergy bands at the Fermi energy, to the magnetic structure.
ball shaped!’-centered sheet shown in Fig. 12 and two extremalFor example, already the antiferromagnetic arrangement with
orbits on the entangled sheet, around the neck aZ4peint and on  the moments along thél11) axis yields a different Fermi
the ellipsoide, shown in Fig. 13. surface with one more band crossifig. Thus, if some sort
of buckling of the moments, or perhaps a spin-flop transition,

Orbit center  Fermi surface ar¢T)  Band mass i) takes place abov®,,, it is quite reasonable to expect a
r 6.28 1.83 concurrently modified Fermi surface. This is very different
7 211 1.21 from most uranium compounds that have much more local-
0.52 0.65 ized 5f electrons and, consequently, moments that remain

rigid under rotation and small lattice parameter changes.
While we currently do not know how precisely the magnetic
again be the already mentioned unusual sensitive behavior sfructure is rearranged aboig,, we mention that very re-
the magnetic moments, which occurs consequently also fatently it has been observed on single crystals Ythat two
the Fermi surfaces. Nevertheless, the fact that three extremhitherto unknown singularities occur in the magnetic suscep-
orbits are correctly predicted supplies, along with the meatibility at T=8 K andT=40 K, next to the already known
sured specific heag, evidence for delocalizedfSbehavior — singularity at the Nel temperatur@® Investigations of the
in UGa;. origin of these singularities and of the Fermi surface recon-
The nature of the magnetic transition taking plac8gt  struction will be continued. From our present results we con-
~12 T is mysterious. One simple explanation which we ex-clude that it is evidently the itinerant nature of thé &lec-
amine here first is the transition to t{@01) ferromagnetic trons that leads to a Fermi surface that can drastically be
state. This magnetic state yields a drastically different energgltered by the application of a magnetic field in contrast to
band structure as displayed in Fig. 14, where numerous inmost other uranium compounds.
tertwined band crossings can be seen. To facilitate compari-
son between the antiferromagnetic band structure in Fig. 11
and the ferromagnetic one, we displayed the ferromagnetic
bands in the fcc unit cell also. The ferromagnetic state results We have performed measurements of the specific heat and
in an extremely complicated Fermi surface, and it is unclearesistivity at zero field, specific heat measurements in static
if we can even determine the number of extremal orbitsmagnetic fields to 12 T and magnetic measurements in a
Once again, this seems in agreement with the dHVA resultstatic field ¢ 5 T and pulsed fields to 50 T on the compounds
for B>B), where ten frequencies are observed. However, iUX; (X=Ga, Al, and Si The values of the electronic spe-
is hard to believe that the transition By, is really to a cific heat coefficients in applied fieldg(B) behave differ-
ferromagnetic state, because, first, the calculated total energyntly for the three compounds with UgSimcreasing with
difference of 35 meV/fu between the antiferromagnetic andncreasing field and UGaand UAL remaining nearly con-
ferromagnetic structure, is too large to be overcome by &tant.
field of 12 T, and, second, the fact that there is almost no The large variation of hybridization strengths of thé 5
anomaly in the measured magnetization curves and magnetectrons with the conduction band electrons clearly mani-
toresistance &), . This would lead us to postulate that there fests itself in the pronounced differences in the physical be-
is an, as yet unknown, change in the antiferromagnetic strudravior of the X; compounds. USnis a heavy fermion
ture atBy, that causes the reconstruction of the Fermi surcompound, with a moderately enhanced specific heat coeffi-
face. One of the clues to this reconstruction appears to be theent. Although it is possible to fit the measured suscepti-
bility to result€® derived from the single-impurityCogblin-
UGa, (FM) Schrieffe) model, the dependency of(B) is in turn incon-
2 v %S sistent with the single-impurity or Anderson lattice models.
f It is possible, however, that the(B) results can be ex-
plained by a magnetic-field enhanced term to the specific
heat that is not of a purely electronic origin. In the absence of
this extra term not of electronic origin, only a metamagnetic
transition in USy occurring at fields higher than used in the
current study would reconcile these contradicting observa-
tions. However, we could so far not detect a metamagnetic
transition in fields up to 50 T and at~0.5 K. These results
imply that USn is better interpreted as a spin-fluctuation
system. A single weak dHVA frequency could be observed
which could correspond to the smaller orbit about fRe
point.
UAl; is a weakly temperature-dependent paramagnet.
FIG. 14. The calculated band structure of Y@athe ferromag-  Only above 240 K does it display Curie-Weiss behavior.
netic (FM) state with the moments in tH@00) direction. For com- UAIl3; has previously been classified as a spin-fluctuation
parison to the antiferromagnetic band structure shown in Fig. 11systemt? and our specific heat measurements support this
the energy bands are also shown in the fcc unit cell. interpretation. We measured no discernible variatioty(d@)

IV. CONCLUSIONS
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at low temperature, which cannot be explained within thevery sensitive to magnetic structure and atomic volume mak-
single-impurity or Anderson lattice models. The dHvVA mea-ing it unique among the X; compounds. Our investigation
surements showed a single, weak dHVA signal, which nicelyead us to conclude that the fact that UGs the only itin-
corresponds to the result of our band structure calculatiogrant, magnetically orderedX4 compound explains the sen-
based on an itinerantfselectron approach. We thus con- sitivity of the Fermi surface to the application of a magnetic
clude that at least at low temperatures the uranidnel®c-  field. Increasing the field range of the dHvA measurements

trons have a tendency towards delocalization. - on UGg and URR may also prove to yield interesting re-
UGag; is the only UX; compound considered to be itiner- ¢ jis.

ant that displays magnetic order. The other two itineraxg U
compounds, UGegand URh, are paramagnetic and were
found to have magnetic form factors similar to transition

metal compounds and Fermi surfaces determined from
dHVA that agree with band structure calculatifglso the Work at LANL was performed under the auspices of the
dHVA signals observed for UGaagree well with the result U.S. Department of Energy, and the NHMHL is supported
of band structure calculations assuming itineraftetectron by the NSF and the state of Florida. We would like to thank
behavior. A dramatic transformation of the Fermi surface ofR. Modler for assistance on the transport measurements. One
UGa; occurs at an applied field oBy~12 T at T  of us (P.M.O) thanks D. Kaczorowski for an informative
~0.5 K. UGg exhibits obviously a Fermi surface that is discussion and A. Perlov for valuable assistance.
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