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ABSTRACT

The various techniques of measuring Fermi Surface parameters
are briefly discussed in terms of application to actinide systems.
Particular emphasis is given the dHvA effect. Some general results
found in the dHvA studies of actinide compounds are given. The dHvA
effect has been measured in o-U and is presented in detail. None of
the observed frequencies corresponds to closed surfaces. Results are
compared to the calculations of Freeman, Koelling and Watson-Yang

where gualitative agreement is observed.

Les diverses techniques de mesure des parametres de surface de
Fermi sont ici discutées du point de vue de 1 application aux systemes
actinides. L'effet dHvA a &té plus particulietement étudié. Quelques
résultats d'ordve général issus de 1'etude dHvA des composés actinides
sont exposés. L'effet dHvA a été mesuré dans 1'U-a. I1 est iei
présenté en détail. Aucune des fréquences observées ne correspond 2
celles des surfaces fermées. Les résultats s'accordent qualitativement
avec les calculs de Freeman, Koelling et Watson-Yang.

I. Iatroduction

Measurements of the Fermi surface of metals have proven extremely
successful in understanding the electronic properties of simple and
transition metals.(l) The de Haas-van Alphen (dHvA) effect, in part.-

cular continues to be the most precise measurcment of the Fermi surface
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parameters and a check on band structure calculations. However, the
techniques which worked so well for the simpler metals are not al-
ways as effective when applied to the very complex actinide systems.
For example, the necessity of dealing relativistically with upwards
of 20 conduction electrons per unit cell almost precludes a self-
consistent band calculation. Thus even in those infrequent cases
where sufficiently pure samples are available to yield dHvA data,
one is hard-pressed to obtain as much information as is obtailnable
in simpler systems.

Nevertheless considerable progress has been made in actinides.

2 ... (3
32 ULI‘B,
/)
UGCB,(‘) UAL,, and UjAs,, and in the metals ™ and e -y, ®

New results on o-U will be discussed in detail in this paper.

The dHvA effect has been observed in the compounds URh

It is the purpose of this paper to review the progress of the work
to date with parrticular emphasis on the n~U research and to indicate
the prospects of "Fermiology" and band structure studies in future
actinide research. The discussion of compounds will be very brief.

In Section II we give a brief overview of the Fermi surface pro-
gram and the applicability of ecach type of measurement to actinides
with the dHvA effect considered in some detail. We will not be con~
cerned in this paper with the fine poluts of the motion of electrons
in a strong magnetic field. We will loo. at the dlivA effect merely as
a tool in the investigation of materials. In Sec. IIT we consider the
results obtained in actinide compounds via the dHvA effect, while the
special case of o-U 1s gi-en considerable actention in Sec. IV.

IT. Available Measuring Techniques

A large arscnal of tools 1s available to the Fermiologist to ob-

tain various types of information about the Fermi surface. Because of

space requirements it will not be possible to discuss each type in de-
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tail except to mention the parameters measured. Volumes of articles
are written on the subject with onc of the best being the Simon Fraser
Lecture Series.(l)

The various measurements may be broadly separated into two groups
includiug: (1) Traditional tools, requiring use of magnetic filelds,
high purity single crystals, and essentially depending on the quanti-
zation of orbits in the plane normal toH at low temperaturecs, and (2)
alternate approaches utilizing positrons, photons or neutrons as mom-
entum probes, generally at room temperature. The latter greoup lacks
the precision obtainable in the former, but it has the distinct ad-
vantage of far less stringent sample requirements. In the case of
actinide materiais this may yet prove to be the overriding factor
since some information is better than none.

Let us discuss each group in somewhat more detail.

A. Traditional Measurements

We name here only the most frequently used measurements. These

. . 7) 8 . .
include magnetor251stance,( cyclotron resonance,( ) various dc size

effects,(g) rf size effect,(lo) magneto-acoustic effect,(ll) magneto-

12) (13)

strictions magnetocaloric effect, and the dHva effect. The first
five are somewhat specialized, yielding information respectively (in the
plane normal to .)) on the topology of the Fermi Surface, effective mass
(n*) of electrons, Fermi surface curvature, and the caliper diameter

. (5’6) ] .
of the Fermi surface. The quantized nature of electron orbits in

a magnetic field can be utilized to produce any number of resonances

under specialized conditions. While these are interesting from a phe-
nomenological point of view, most of them are impractical in the study

of compounds where wcr(mc is the cyclotron frequency = eH/m* and 1 is

the relaxation time) 1s rot much larger than N1,




.

The resonance phenomena depend on power absorption at a frequency w =

Ye by a periodic sampling by the electrons of the specimen surface

(the skin depth region). If Tt 18 small only one such sampling will

occur before scattering. Except for magnetoresistance, where infor-
mation can be obtained once one satisfies the conditons W, T Y 1, the
sample purity requircments arce in gencral beyond those obtainable in
even simple metal compounds, much less so in actinide compounds, and
are thus of little practical value for our purposes. The remaining
three types of mcasurements are in principle closely related to each
other ., Although, because of the simpllcaity of the dilvA effect rela-

tive to the others, it has been and will continue to be the most

useful.
. , (14)
Of these traditional tools, only magnetoresistance and the
(2,3,4,6)
dHvA effect have been successfully applied in the study of

actinide materials. Since magnetoresistance (or more generally, gal-
vanomagnetic effects) can only consider a few specific points

(namely, the topology of the Fermi surface and the relative number of
holes vs electrons) it becomes useful only as a first step in the
Fermi Surface determination, or to resolve topological questions as in
(14)

the case of UGe3.

It i1s obvious that of the measurements relying on the quantization
of orbits, the dHvA effect is most practical. Results can be obtained
whenever . T % 1. It yields most of the information obtainable with
other techniques either directly or indirectly. Its accuracy is far
greater than needed to gauge the present band-structure calculations.

Much has been written about the dHvA effect and the reader is referred

to excellent review articles in the Simon Fraser Lecture Series.(l)




B. Experiments Utilizing Momentum Probes

This 1s an enormous topic, the detailed descriptions being well
beyond the scope of this paper. We will only mention the more popular
experiments and the type of informatlon obtained. The usual momentum
probes arc in the form oi neutrons, positrons, electrons, photons and

even ions.

Measurcments of the pseudopotential form factor V(q) have becn

(15)

successfully done with neutrons, but aside from that, little Formi

surface data are obtained utilizing neutrons. Ion neutralization spec-—

(16)

troscopy likewise is little vtilized.
The most promising techniques, particularly for actinides where
- . C . . (17)
pure crystals are difrficult to obtain, are position annihilation

and angular resolved photoemission spectroscopy.(18)

With great im-
provement in counting techniques, and hence statistics, positron
annihilation has the potential of supplanting dlivA as the premiere
Fermiology tool. It is still far from that at this time, however.
Angular resolved photoemission spectroscopy has demonstrated
the capability of actually mapping out the energy bands near the
Fermi level with some precision. This technique, together with the

dlvA effect and possibly positron annihilation is likely to provide

great new strides in the field of Fermiology.

In the remaining portions of this paper we will be concerned

with particular applications of the dHvA cffect.




111. Actinide Compounds
Before we consider the case of a-U, let us bricfly review some
of the work on compounds, present some general findings for the class

of L12 materials, and discuss some prospects for the future.

(2)
3 UIr3

UGeB(A). In the first two cases, the agreement between theory and

(3)

Complete dHvA data have been obtained for URh and

experiment is qualitative, while in the case of UGe3 it is excellent.
Indeed, in UCC3 the complex Fermi surface could only be determined
with the aid of the band structure predictions. From these studies
the fcllowing conclusions wer- drawn: 1) f-bands in these systems are
broadened via hybridization with d- or p- electrons, forming ¢ bonds
in the former, and 7 bonds in the latter. Thls gquenches the magnetism
one would expect tec find on the basis of actinlde-actinide separation;
2) The Fermi level in UGe3 lies at a sharp peuak in the density of

19
states and is responsible for the spin fluctuation phenomena.( ) This

contrasts with the broad peak at E_, in URh, and UIr.,. 3) In the UGe

F 3 3 3
compound the U-atom gives up 3 electrons to the 3 Ge atoms and is in
. . 3+,.2.1 -
the configuration U™ (f°d"). Similar charge transfer has 4lso been

(29)

invoked t» explain neutron diffraction results in URh3. In general
all bulk property data can be understood on the basis of the band
structures found in these systems.

dHVA measurements become more difficult as one proceeds to mat-
erials with more complex structures and large specific heat y-values,
Limited dHvA data have been obtained in U3ASA and in UAEZ, the latter
done in a pulsed field to 400 kOe. (A field sweep of the UA37 data is
shown in Fig. 1.) It is becoming apparert that in future research on

these systems it may be necessary to utilize momentum probes or very

large magnetic fields since very large effective masses seem to be the

rule rather than the exception. TIn UqAna, for example, an orblt with
CRARNY/
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only a 1 x 107 Gauss frequency (nearly isotropic and the only one ob-
served) had m* % 5 m The large masses, coupled with the chemical
reactivity of the actinides, which causes an obvious purification
problem, will probably necessitate that most future dHvA work will

have to be done at fields in excess of 200 kODe. As TFig. 1 shows,

such daca are feasible. The curve of Fig. 1 is all the more remarkable

2 2
since the specimen(“l) has vy = 100 m J/mole K~ and a residual re-
sistance ratio (RRR) of only 18 at 4.2°K. This clearly represents
6
rather extreme conditions. The observed frequency was small (5 x 10

Gauss) and no mass measurcments were made, but it nevertheless shows

that the band structure of high - y actinide compounds can be studied

in this manner.

In the divA study of these comnlex materials one wished to
examine those systems for which band structure calculations are fcas-
ible and good crystals can be prepared. There are a surprisingly

small number of such compounds of uranium. There are, however, a

number of congruent-melting Pu compounds with low Y-vaiues and cubic
symmetry which offer hope for future research. Also a number of com~
pounds having the NaC{ structure exist but crystals have not yet been
prepared of sufficient purity. Once the sample problem is solved
additional dHvA work car be carried out.

IV o - URANIUM

Attempts to observe dHvA oscillations in a-U in the past were
thwarted by several phase transitions which occur at 43 K (second
order), 37 and 23 K (first order).(zz) Resistivity measurements
indicated 3) that defects and dislocatlons introduced by incomplete
phase transitions werc present even vhen the rample was cooled slowly

through these transitions. Since the JdHvA effect is particularly

sensitive to defects and other small-anele =scattering cvents not
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seriously affecting resistivity, it is not surprising that a total
suppression of the dHvA amplitudes occurs, particularly since effective

masses are large.

(24)

From the pressure studies of Fisher and Dever it was deter-
mined by a straight line extrapolation that the 43 K transition can be
totally suppressed at 10-12 kbar. This encouraged us to attempt to
quench the phase transitions with hydrostatic pressure (imperative,
since a-U crystallizes in an orthorhombic lattice with highly aniso-
tropic compressibilities and thevrmal expansitivies) using the solid
He pressure techniquo.(27)
dHvA oscillations are obscrved just above 8.3 kbar making it
tempting to infer that the second-order phase transition is suppressed
at that point. A TC v pressure curve (Fig. 2) was obtained to deter-
mine the pregssure phase diagram using the dHvA samples themselves.
(The data of Smith and Fisher(26) and Palmy and Fisher(27) are
superimposed in Fig. 2 for comparison.) Clear transitions were secn at
6.3 kbar and 7.1 kbar. However, the lack of a slope change at 8.3 kbar
allows some ambiquity that the onset of the dHvA oscillations at 8.3
kbar is due to a total suppression of all phase transformations. We
nevertheless believe that this is indeed the case, and that our dHvA
data are obtained in the uranium a-phase.

Initial observation >f the dHvA effect occurred already(6)in 1974,
However, our fixed gcometry did not allow angular variation. In tle
present experimental arrangement a split coil superconducting magnet
(100 k0e¢) which cen be rotated in the horizontal plane was used to
obtain angular daft:a. The samples were placed in a transverse pickup

coil having dimensions of 0.75 mm I.D. x 2.5 mm 0.D. x 2.0 mm long,

with both sample and pickup coil contained inside a 3 mm dia. pressure

bomb.
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Data wverc taken at % 1°K using the usual fileld modulation tech-
nique. Because of the orthorhombic symmetry it was necessary to take
data in all three orthogonal planes for the full 90° range.

Results are shown in Fig, 3. Tive frequency branches werc ob-
served with the data obtalned from reotation diagrams, direct frequency
analysis, beat analysis, and Fourier analysis. From the figurc onc can
see close agreement from all modes of mcasurement.

None of the observed frequencies are due to closcd pieces of
Fermi surface. In fact, o, B, and 8 are very reminiscent of neck-
like structures or tubes. Frequency o varies almost precisely as a
cylindrical piece of Fermi surface, i.e., one whose cross-sectional
area does not change along the field axis. Frequency B varies much
slower than a cylinder which would indicate that the cylinder has some
undulations and that for H I[[lOO] the observed extremal orbit passes
around the thick part of the undulation. Frequency § varies much
faster than a cylinder which leads to a similar interpretation except
that for H ll[OOl] the extremal orbit goes around a waist of an undu-
lating cylinder.

Frequencies vy and ¢ are both very weak with y obserwvable only as
a beat on top of the much stronger a-frequency (all signals in fact are
extremely weak except for a at [010] and & at [100}. It is not clear
whether frequency branch e is an independent branch or whether it is
part of branches ¥y or a. Both of these latter branches can be extra-
polated through the gaps in the data to ¢, and indeed all three may be
related. Occurrence of gaps in the froquency spectrum is not unusual

(see for example,data in Ref. 2) and is usually duve to some protrusions

or extensions on the Fermi surface.
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Effective masses for o-U are shown in ?able I for orientations
where measurements werce possible. It will be seen that in general the
masses are large, the smallest beiny 0.9 m, for frequency branch
B at [100]. From this one would anticipate that perhaps there are
st11l higher masses on several as yet unobserved orbits. But con-— .
sidering the small size of the Brillouiln zone and using the model of
the Fermi surface of TFreeman ct al.(zs) (reported elsewhere at this
conference) as a guide, it will be seen below that perhaps we have

observed a sizable fraction of the extremal orbits in w-U.

Frecman, Koelling and Watson—Yang(ZS) have performed a band

structure calculation for orthorhombic a-U using the velativistic lin-
earized augmented plane wave method. While no attempt at self-
consistency was made, (they assumed an f3dzsl configuration) the
results are nevertheless a good starting point in interpreting the
dHvA data. As we will see, qualitative agreement does seem to exist.
Fies. 4 and 5 are cross sections through the Brillouin Zone of
orthorhombic a-U showing the theroctically predicted Fermi surfaces.
Band i “n Tig. 4 nearly fills the zone resulting in a hole surface
which is open in the c-direction. Two cross—sections are shown: (a)
at the centevr of the zone (z = 0) and (b) at the top of the zone (z =
1). <Clearly this is an undulating tube with a waist at the z =1
point. Closed electron trajectoriecs are possible for H‘\[OOl] both at
z =0 and z= 1. Figs. 5a and 5b show an electron surface coming from
band 7, again at z = 0 and z = 1. Fig. 5c shows a view along the b axis
for y = 0. One can see that this is again an open surface in the c-

direction, but this time closed electron trajectorles are possible for
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H both along the a- and b- axes »s well as the c-axis (see Fig 5c). In
particular, a hole orbit (f) is possible for H near b and at least one
electron orbit (dotted curve labecled n in Fig. Sc¢) around the central
section of the Fermi Surface for H near a (1f the small pocket in the
center of the zone is ignored). The very large central orbhit in band 7
for H]!c would probably have too large a mass to be observed. Tts
cross—-sectional area would be two to threc times larger than all ob-
served frequencies.

Let us now consider the correspondence between the predicted and
experimentally observed resulte and cornfine ourselves to qualitative
rather than quantitative comparisons. The first thing to note is that
there are no closed surfaces predicted nor observed. The cross-
sectional areas are approximateiy in agreement with observation (scc
Fig. 54 for size of cross-sectional area corresponding to 2 2.12 x 107
Gauss frequency) if we ignore the very small pockets and the very large
orbits, the latter being difficult to observe. The waist extremal orbit on
the band six hole surface at z = 1 (Fig. 4b) could very well correspond
to the observed § frequency (frequency increcases much faster than for a
cylinder). The lack of observation of the la-ger extremal belly orbit
at z = 0 is not a serlous drawback since one can arguc that one has
large effective masses. The waist orbit was already just at the ecdge
of obscrvability so that the amplitude of any larger orbit would pro-
bably be too small for our experimental apparatus.

Along the b-axis two frequencies are observed. The nearly cyclin-
drical variation of frequency a would imply that the surface has very
flat sides. This 1s more or less the case for the hole orbit ¢ In Fig.

5c. One might then associate (reoquency branch n with the hole orbitc F.
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28
There is at prescent no explanation (28) for frequency branch y. Due to

the gap In the data it is not even certain if it extends into the
b-axis. It might be pointed out, however, that bands 6 and 7 approach
each other very closely at the point H in the zone, particularly some-~
what below the z = 1 point. This could allow for magnetic breakdown
between the two sheets for H near the b-axis and explain the very weak
amplitudes of vy.

Frequency branch 8 could rirrespond to the orbit n (dashed line in
Fig. 5c) il the small central pocket at T is ignored. The av=a of this
orbit would increasc slower than for a cylinder. Only a small
change in the baud structure is needed to climinate the [ pocket, well
within the error of the calculation. Since small pockets should be re-
latively casy to observe, lack of observation can be taken to mean lack
of existence.

A very botherscme point is the failure to observe a frequency
corresponding to an orbit around the arm of the band 7 surface for
Hl[[lOl]. We must resort to our oft-repeated statement that the ef-
fective mass must be large for this orbit although for this case the
statement is not very satisfactory. A calculation of the masses for the
orbits discussed above could be useful in obtaining further correspon-—
dence between theorv and experiment in the future.

In summary then, it is seen from the a~U results that dlvA data
serve as a powerful tool in determining bond structure. Since the cal-—
culations of Freeman et al, show the qualitative features of the obser-
ved data, they can serve as a guide in interpreting other data. Fur-

ther calculational refinements are likely to be minor, such as elimina-

tion eof the pockets at T.
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Fig. 1

N~

Fig.

Fig. 3

Fig. %

Fig. 5

Figure Captions

Dual recorder tracing of a magnetic fileld pulse to 400kOe
showing the field strength (upper trace) and pickup-coil
output (lower trace). Note dlvA oscillations from UA.E2

in the lower trace.

Pressure vs. superconducting critical temperature (Tc) in
. ) (26)(27)
a-U using dHvA samples themselves. Previous data

are also shown.

dlivA fr-oquency spectrum for a-U in the three orthogonal

planes.

a—U band 6 hole surface and Brillouin zone cross-section

in the (001) plane (after Freeman et al.): a) at z = 0,01/c

and b) at x = 1.0n/c¢c.

a-U electron surface and Brillouin zone cross sections
(After Freeman et al.): a) (001) plane at z = 0.0n/c;
b) (001) plane at z = 1.0w/c; «c) (010) plane at y =
0.07n/b; d) Cross—scctional area corresponding to a
frequency of 21.2 x 106 Gauss, using same scale as

Figs. a, b and c.
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Table 1

Fermi

Effective mass ratios of various sheets of the Fermi surface

of U for minimum area
9.0 kbar.

field directions.

Data were taken near

Field Frequency Effective
surface direction 6 mass
sheet in 107 G ratio

a [010] 12.96 0.91
B [100} 13.9 0.9
Y 70 deg from [001] 19.2 1.8

in (100)

8 [001] 21.2 1.6
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