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de Haas-van Alphen effect, magnetic transitions, and specific heat
in the heavy-fermion system UCd;
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We have used high pulsed magnetic fields to 50 T to observe de Haas—van Alphen oscillations in the heavy
fermion antiferromagnet UGd, which has a stongly enhanced value of the electronic specific-heat coefficient
(y=803 mJd/mol K). The low-temperature magnetization shows the existence of two magnetic phase transi-
tions. The presence of quantum oscillations above the first transition indicates thatiaSa coherent Fermi
liquid, although there is little or no change in the Fermi-surface topology on passing through the second
transition.[S0163-18209)00421-X

UCdy; crystallizes in the cubic BaHgtype structure with ~ intervals suggests that the magnetic transition at 16 T does
a lattice constant of 9.29 A thus having one of the largesflot significantly affect the Fermi-surface topology of Ugd
U-U separationsl, ,=6.56 A of any uranium compourld. The effectlve* masses of the dHVA frequencies Bor By,
This value ofd.y is much larger than the Hill limitdy.y range ffo”.‘m =2 to 11 m, (wherem, is the free-electron
~35 A)2 and using the Hill criterion, one would expect mass. While these values are clearly larger than the free-

; o . lect lue, th ignificantly | han what shoul
magnetic ordering in UCd. Indeed, it is found that af E:Ziggégél?orttﬁg ?;tehzlrgﬂilg;ﬁavnalﬂe%e” an what should

~5 K, UCd, orders antiferromagnetically. Neutron-  gingle crystals of UCH were grown using a standard flux
scattering experiments suggest that the magnetic structure §gchnique described elsewhér&he resulting well separated
rather complicated.The electronic specific heat coefficient single crystals were typically cubes of a few mm on a side.
(=803 mJ/mol K) for UCdy, is the highest for any full The samples were found to crystallize in the Bajtype
moment magnetically ordered uranium heavy fermionstructure with cubic lattice parameters of 9.29 A, as evi-
compound' denced by x-ray-diffraction studies. Using a standard four-
Previous measurements of the specific-heat in an app"egrobe measurement, the residual r_esisfcivity ratio_between 4
magnetic field* together with measurements of the magneti-and 300 K was found to be 43, which is much higher than
zation and resistivity under pressiirave shed some light the previously reported value of 2.6 clear kink was also
on the unusual ground-state properties of WCdFor T observed in the resistivity 8ty=5 K. The specific heat was

>80 K, the magnetic susceptibility exhibits Curie-Weiss be-T€asured on a smali{4 mg sample employing a thermal
havior with sueg=3.45u5 /U and® .= — 20 K, while at low relaxation method, with magnetic fields between O and 10 T
€ . P 1

. provided by a superconducting magnet. The magnetization

of heawy fermion svstenfs The aoplication of a magnetic and dHvA effect were measured using counterwound highly
vy y ' pp 9 compensated pickup coils in pulsed magnetic fields up to 50

field causes a transition to be observed in spec_ific—hegt Me& ot the National High Magnetic Field Laboratory, Los Ala-
surements foB>10 T. When external pressure is applied 10 g - Throughout the pulsed field experiments, the sample
UCd,4, two further transitions are inferred from anomaliesy 55 immersed in $He environment in which the tempera-
in the resistivity> While the exact nature of these transitions re could be varied between 0.49 and 2.1 K.
is unclear, it has been proposed that at least one of them | Fig. 1, we show the measured inductive sigfvahich
corresponds simply to a spin reorientation of the complicategs directly proportional tadM/dH) versus magnetic field at
magnetic structuré.These results show that UGdindeed .49 K. The two magnetic transitions &,,=6 T and
has § electrons which hybridize with the conduction elec- B,,,=16 T are clearly visible, with the corresponding in-
trons, and the orderedfSmoment is sensitive to applied creases of the magnetic moment amounting to Q&
magnetic fields and pressure. and 0.0%.5/U, respectively. The exact nature of the transi-
In this paper, we report measurements of the magnetizaions is unclear, but it is unlikely that either is truly a meta-
tion and de Haas-van AlpheHvA) effect in UCd; in  magnetic transition where one expects a drastic change in the
pulsed fields extending to 50 T, with the magnetic field ap-character of thd electron which manifests itself as an in-
plied along thg100) axis of the cubic crystal. At the lowest crease in the magnetization on the order gfgZU. How-
temperature measure®.49 K), magnetic transitions are ever, we know that the magnetization increases at both tran-
found to occur at applied magnetic fieldsBf;; =6 T and  sitions so it is likely there is some spin reorientation. The
Bmz=16 T. ForBy;<B<By_, six distinct dHVA frequen- observation of two transitions in applied field is similar to
cies are observed. F&>B,,,, we detected eleven frequen- the high-pressure resuftsthough without more detailed
cies, including all six that are seen fBf;<B<By,. The studies of the magnetic structure we cannot say they are
overlap in the observed frequencies between the two fieldnalogous. Further investigations, such as high-field neutron

temperatures it becomes constarfthis behavior is typical
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®p is somewhat smaller than the reported value of 200 K of
Andrakaet al? This discrepancy may be due to a difference
in sample quality or the temperature range used to fit the
specific-heat data. Application of magnetic fields to heavy
fermion systems can lead to dramatic effects in the measured
specific heat. In general, the valueg(fB) tends to decrease
with applied field>~*° There are, however, systems which do
not behave according to the standard theory. For example, in
systems exhibiting a metamagnetic transition figjg, it has
been shown experimentally in Ce£Si, (Ref. 11 and UPj
(Ref. 12 and theoreticall}? that y(B) can increase foB
<By but then decrease f@>B),. The measured values of
v(B) for UCd,; changes with magnetic field as shown in the
o 10 20 30 20 50 inset of Fig. 2, while the measured value B{B) (not
B (T) shown does not change. The rapid increasey¢B) on the
approach to 10 T in Fig. 2 would appear to be consistent with
o ) a metamagnetic transition in fairly close proximity to that
FIG. 1. The measured signéhduced voltageversus applied  fia|q: je., in good agreement with the transition observed in
pulsed malgnelt'c f;)eld fordquft 0.49 '; Two magnetic ransi- - gy 1 atB,,,=16 T, but in disagreement with a previous
tions are clearly observed Byy;=6 T andBy,=16 T. report which did not observe a changeyi¢B) in fields to 16

4 i i I -
diffraction or dHvVA measurements as a function of pressureT' However, the relatively small change in the magnetiza

are needed to determine the field dependence of the magnepgn atBy, makes a metamagnetic transition unllkely. If we
ground state. ook at temperatures beloW, we can determiney,

= 4
The zero field data from specific-heat measurements argn%/}]e(-r; %) OfrorgeoCL:;adSe(\atg gi?gg&ggﬂ?ﬁm :;’rs o
shown in Fig. 2. The line represents a fit to the data using b value oy ! bp

Signal (mV)

e reaching a nearly constant value near at high fields. From
CIT=y+BT2, (1 our results, we would estimate this value to be of the order of
300 mJ/mol K, while Andrakaet al,* who measured to
where y is the electronic specific-heat coefficient adds  higher fields and lower temperatures, find a value of
the lattice Debye term. The data were fit to Efj).aboveTy ~ ~200 mJ/mol K. It would be useful to continue the mea-
over the range 74T?<200 K2 From the zero-field data surement of the specific heat to higher fields to determine
shown in Fig. 2, we findy=803+3 mJ/mol K and 8 how y andy, behave over a broader field range.
=5.13+0.02 mJ/mol K; the latter corresponds to a Debye  The dHVA effect is the most definitive probe of the
temperature ofd =166 K. The entropy associated with the Fermi-surface properties of metals; the frequency of the os-
magnetic transition is 0.3Hn 2. These values agree reason-cillations F are directly proportional to extremal cross-
ably well with previously published databut the value of section areas of the Fermi surface, while the amplitude of the
signal yields important information concerning the electronic
os00F 0 0 T T interactions. Much theoretical and experimental work has
- been done on the Fermi surfaces of heavy fermion
UCd,. | systemg:*~8The main finding of the studies is that a Fermi-
u n liquid description fits but is characterized by a heavily renor-
= malized effective mass*. Since the dHvVA amplitudes de-
crease drastically am*/B increases, it is very difficult to
observe dHvVA oscillations in heavy fermion systems where
large values ofy imply large m*. The use of very high
pulsed fields to 50 T can greatly reduce the valuensfB
and make the observation of dHVA oscillations in heavy fer-
mion systems possible where traditional low-field techniques
cannot. According to the mean-field Anderson lattice model,
the dHVA oscillations are thought to be dominated by a
u ﬁ single spin sheet of the Fermi surfaée?®
The dHVA measurements were performed on a cylindrical
0 5 10 1 sample with a diameter of~0.8 mm that was cut from a
B(T) ] single crystal with the cylindrical axis along the crystalline
EEEEE—— (100 direction. The measured signal for UGdsersus the
s inverse applied field at 0.49 K is displayed in Figagd
T (K There is clearly an oscillatory dHVA signature in the data.
The fast Fourier transforf=FT) of the measured data in the
FIG. 2. The zero-field specific he@tdivided by temperaturd ~ fanges By;<B<By, and B>By, for falling fields is
versusT2 for UCd,;. The line is a fit as described in the text. The Shown in Fig. 8b). Numerous peaks appear in the FFT data
inset shows the field dependence of the linear specific-heat coeffin Fig. 3(b), and the frequencies of the eleven observed peaks
cient y.
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L L TABLE I. Measured de Haas—van Alphen frequendieeffec-

- 2 [ (a) ] tive massesn*, and Dingle temperatureb, above the magnetic
= 1 B ] transition atBy,, in UCd,,. The frequencie$,— f, correspond to
§ the labeled peaks in Fig. 3.
5 O F(T) m* (m) To (K)
R ] f, 221 49-05 1102
.(%‘3 ok ucd,,; f, 551 2.30.3 2.50.4
] i fs 1714 1.72#40.3 2.2:0.2

fu 1856 5.6:0.8 1.8-0.2

fg 2204 7.5-3.3 0.6:0.1

fe 2460 10.#2.5 0.5-0.1
oy f; 3069 8.5-2.1 1.3:0.1
= fg 3544 8.6:1.4 1.10.1
= fq 3685 5.5-1.2 1.6+0.2
-g f10 4183 5.6-0.4 1.2¢0.1
b fi 4280 7.6-1.8 0.8+0.1
E
E 0.0
E s . . BM.‘<B<BM.2 x5 ] detect. It_is also con_ceivable that we are only se_eing hglf of
— 0 = '1'006' '2'006' '3'006' '4'006' '5'000 the Fermi surface, since only the spin channel with the light-
& est effective masses contributes appreciably to the dHVA ef-

F(T) fect. The specific heat, on the other hand, represents the en-

tire Fermi-surface integrated effective mass of all spin
~ FIG. 3. The measured signal versus inverse applied field foghannels. A more complete knowledge of the Fermi-surface
fields aboveBy, is shown in(a). The fast Fourier transfortFFT)  1o5010gy is required for us to make any definite conclusions.
amplitudes of the measured signal for fields above and bBlgy  Ang1e_dependent magnetization data together with band-
(note that forBy,, <B<By, the amplitude has been multiplied by a structure calculations would also be helpful in this regard
factor of 5 is shown in(b). The peaks that appear aboBg, are . . ’
labeledf,—f,; and have their physical properties summarized in We also examined the dHvA data fqr any field or tem-
Table I. perature dependences of the frequencies or the masses. In

weak ferromagneté?3and some heavy fermion systems, no-

tably UPg,2%?4it is known that there can be a large field
along with the corresponding mass of the orbit BBy,  dependence of the dHVA frequencies due to spin-split bands.
(labeledf,—f,,), as determined by fitting to the Lifshitz- We did not observe such an effect in UGdor B>By,. In
Kosevich theory, are listed in Table I. The masses listed irfact, the discernible change of the dHVA frequencyBat,
Table | are averages of the values obtained for rising angor the three frequencies with the largest dHvA amplitude for
falling field data over the range 288<46 T. Six of the B,,;<B<B,, is less than 30 T. We also did not observe
frequencies {,, f3, f4, fo, f1o, andfy;) observed forB  any temperature dependence of the dHvA frequencies.
>By2 are definitely seen in the rand®,;<B<By,. The  wjthin the experimental uncertainty of our measurements,
two frequencies with the largest amplitude where the orbitye could not discern any field dependencenof for B
mass could be determined in both field rangésdndfs),  ~p and as discussed earlier, there was no change*in
do not gxhlblt a change im* or T within the gxperlmental at By, for the two frequencies whene* could be deter-
uncertainty a.‘B'V'Z' F_ourof the otherfrequenueﬁ_g,(, fe. f7, mined above and below,,,. These results are consistent
and fg) are impossible for us to say for sure if we can Or Lith the specific-heat measurements which show fhap-

fﬁ;gg;]dee;gﬂig:ggnésggelfa';(;szsl;:%me(gsntﬁeﬁ]n% ID:I’:S pears to be reaching a nearly constant value at high fields.
) ) 2 . 2 In summary, we have observed dHVA oscillations in the

f3), the estimated amplitude of these frequencies in the rang'aaeavy fermion antiferromagnet Ugd The value of the

By1<B<Bpy, would be within our measured noise. Usin ) - - ; . : )

thhége sameMgssumptions the 11th frequerigy ¢hould be 9 electronic specific-heat coefficient in applied field increases

well above the noise level fdBy,,<B<By,, and it would  With increasing field up to 10 T. The magnetic ground state

appear that this small piece of Fermi surface disappears 43 Sensitive to applied magnetic fields as two magnetic tran-
the field is increased abougy,. From these results, while Sitions are clearly observed &t=0.49 K for fieldsBy,=6
there may be some change of the Fermi surfa@®at there T andBy,,=16 T. Due to the similarity of the Fermi surface

is not a major Fermi-surface reconstruction as has been ogPove and belovBy,, we conclude that the phase transition
served in other U systems such as {JBhd UPdAl; that  that occurs aBy; is probably just a spin reorientation rather
display a metamagnetic transitiéh?’ Since the masses than a metamagnetic transition. The 11 de Haas—van Alphen
listed in Table | appear to be rather low compared to therequencies that are observed BB, have field inde-
value of y andy,, it is possible that there may exist Fermi- pendent effective masses in the range 2n1L1 While these
surface sheets with heavier masses that we are unable values are clearly larger than the free-electron value, they are
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significantly lower than what should be expected for the We would like to thank J. L. Smith for cutting the sample
rather high electronic contribution to the specific heat. Fur-and M. E. Torelli for a low-temperature magnetic suscepti-
ther angle-resolved dHVA measurements and band-structul@lity measurement to confirm the magnitude of the magnetic
calculations are needed to fully determine the Fermi surfac&ansition atBy,;=6 T. Work at LANL is performed under

of UCdy;, and to enable a more careful comparison of thethe auspices of the U.S. Department of Energy, and the
specific heat to the dHVA effective masses. NHMHL is supported by the NSF and the State of Florida.
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