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o The cyclotron easees in Re03 have been determined .
from the tempereture dependence of the.. deA amplitude. Thrée
_'Lfrequency branches a ,B ,n in the (110) plane were investigated.
" The dHvA effect was’ detected by the low-frequency field
i modulation technique, using field velues of 35- 55 kOe at
temperatures below 2,172 K. The cyclotron mesees for a,8 ;Y
Y branches varieq between (0. 56—0 72) m, (0.2§f0.96) mo,-‘.{dﬂ
and (0 6-1. 0). my, respectively. | 7 | -
. Meeeured effective mass valuee for the- extremal orbi\e
.of the three branches are in reasonable agreement with the
__theoretical prediction of Matthiese (lBGS)-Lalculated by the
augmeeted plane:vave (APW) method. ‘A freqtency'of 73.4 ﬁG.f
~ near the [110] diredtion with ao‘effective mass. of 1.07 m,
‘was detected in’ addition to the eix frequency branches which
were previously reported. This islin agreement with Matthiess®

- »
[l

‘predictioo.
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.~ CHAPTER I ) o
INTRODUCTION

The qompound‘Reoé is a red transition-metal oxide,

a

which exhibits metallic electrical conductivity.‘ In addition
W

to its importance as a- transition getal oxldg, §e03 15 inter—

esting because of its Eelatively simple crystal structure.. This

'Btructure is closely related to certaln classes o materlals

such as the perovskites(hso ) and tha\;}ngsref bro ;e (Axwo3 f]

where A is an alka11 metal, copper or lﬁer:.

L]

Single crystais\cf ReO3 were first prepared by Ferrett1
et ELI(IBGS). They - found that the electrlcal conductiV1ty
at 77 'K was 2.5 x 10° { n.cm);;, This is the same‘order of
‘magriitude as the conductivity of copperQ. Further work was
done in Re03 usiné?nuclear magnetic resonance‘by.Nararh and
Barham (1968) who found that the conduction electron states

of Re03lat the Felmawlevel are derived mainly from atomic

| d stateéﬁl They also ound that the. ¢ ‘duction band of the
metals Re0; and NaiWO
The - first de Haas«~van Alphen (dHVA) measurements on
ReO3 were repdrted by Marcus (1968). -He measured three
0
dHvA frequencyabranches and the cyclotron mass of one branch

for three different magnetic field directions near the [111]

direction. Mattheiss (1969) .carried out a band structure

e



calculation for ReO3 baSed on the augmented—plane tage/TE;W) ‘.f__‘
method and determined the Fermi surface of ReO3 _ He calculated |

the three deA frequency—branches observed by Marcus and pre-' sikn

-dicted three additional frequency brandhes. He also
alculated the cyclotron mass for closed orbits on the,

' Re03 Fermi surface. 'Phillips and Shanks (1871) reported the
three other.frequency branches predicted by Mattheiss and the

cyclotron mass for one magnetic field direction. Schirber }

l et al {1972) determined hydrostatic pressure derivatives

of GHVA’ frequenCies at the symmetry directions. - They B

.reported significant deViations from the prediction of free
electrbn scaling. ‘ : :

Mattheiss shifted ‘his bands relative ‘to each other by -

several volts in order: to fit his energy band’ calculations to -

" the optical data of Feinleib et al (1968) _ He also used one -

‘_adjustment parameter to gain agreement between the: calculated

'masses and the mass measurement by Marcus. The prevrous ¢
dHVA effective mass measurements of Marcus were limited

only to one frequency branch for field directions near°the ] s /;a
{111) direction.‘ The purpose of this work is to present '

detailed cyclotron mass measurements for the three electron

1ike sheets of the Fermi surface for magnetic field |

directions inithe (110) plane.. A detailed cyclotron-mass

‘measurement is of importanée Because once the cyclotron mass

has been. determined the Dingle temperature and the g-factorr‘
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can be deduced. It iS'also.éf,infereSt to.cpmpare the observed -

masses with the theofetiéa;_valueé that have been calguléted.
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CHAPTER II' . e

‘ - The de Haaa\-van Alphen (deA) effect is an osc:.llatory
variation of the magﬁetic ausceptibility,.which is periodic in

the rec:.procal of the- fieId strength.

'

Onsager, from a semiclaasical argument, Bhowed that the

periodiCity ‘of the deA oacillatione is simply related to.a -

| __maximum cross eectional area of the Fexrmi surface in a plane

normal to the magnetic field.- T -

- &

'I'he detailed expression for the oscillatory magnetization =

was. given by Lifshitz and Kosevich (L.F. ) in 1955. Their
»

express:Lon for the osc:.llatory magnetization (in polar coordinate)

' is_:

1 &F
M=D(H)[H—§r 58

e ,‘_ ii | 'GF.g _.. .k | ) ' \

ff'"? (I, K;/r 372 sim [27r (F/H —y)E <21

‘r=]1 . _ - . 4 ; . ]
‘cos ( I ' m* ) i
2% 9m L - {11-1)
where ) ‘ .
' _ _ ehA oweH . 1/2' , 62a | - 1/2_
D(H)" = - 4 F |—3 |
m $Kg



In this expression A is an extremal cross secticnal

s -2y : - . i
are% of the Fermi surface, ‘%{az is the curvature factor

" of the Fermi aurface at the)ﬁxtremum, F is the dﬁvh frequency ‘
'which is related to an extremal c:css Bection of _the Fermi

surface A by the relaticn F é?e"A - (II-2)

The (+) and (- ) signs in the sin terms are used for the

ol

maximum and minimum Cross sectional areas, respectively.

.?mhe cyclotron mass m¥ is described by
' £2 5A >

»

2w YEE N S (113)
-whereE:is the electrcn energy at thé!Fermi surface. 'Ir

m* =

-represents the temperature dependence of_the‘deA effect and

. is .given By oo X | B f
| M ‘ I STnh X, | . (11-3)
where . L KLT m* e - '
: ¥ = 242 : - (1I-
. Xy = on r _B%—H—'_“:,g 14,69 r m* T/H Q (II-4)
(kg is ‘the Boltzmann ‘factor) ./ o S

The broadening of thie Landau levels in eguation (1)

is described by | o : . R
kr Z“r (I‘/‘ﬁwc) .-211 zr(m*kBTD/éH’fl‘.) = 3-14.69 A.uﬁ—D;- (II-S.)'

where the Dingle temperature Tp it related to the half-width .
>, - . |

(r) of the Lorentzian curve describing the broadening of the™—

. i R

. Landau levels by.

‘T, = I'/xkp L (16
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Finally the factor cos (£§_ g m*/m) is the correction
factor for the spin,‘and g is. a splitting factor which is equal
to 2.0023 for free electfon. . ) o , : <
. .; The cyclotron mass. m* can be determined from the temp- :
erature dependence of the deA amplitude. From eq. (II -4) .'_ -
the temperature dependence of the amplitude lB described by

' N 4 ' : - ] ) f
Amp = ¢ e ¢ - (II=7) L
| p - sinh,\)jr‘ N L . S
where c is scome fector Whlch does not depend ont temperature.

By expandlng théUsinh funct:.on, the a.mplitude may be wr:.\_/en as

’

[Amp"n'c____'_x =2¢C Xx_e
* - ~é‘__e.r.. ‘

It is clear that the‘higher harmonics or‘the oecillation are
;'damped.‘ Xr'is equal to 3r for?free électrons in e field of
501<G and at a temperatﬁre of 1 KQ\’The damplng factor
e~2Xr e 2x3<<1 for the. fundameztai frequency. Therefore, .. ..
- we are ;ble to neglect the factor e 2xr for high cyclotron

masses. By the above argument eq. (II- 8)“ Aan- be written

as

o rle ¢ X(2X,. e ir ._" - T
or  In Amp = (2c X, e Xr) S .. | ‘



Therefore

<

1n(Amp('r ) = 14.69 m*'.‘r/n + c / (Xi-9).

‘ Thus; the cyclotron mase can he determlned by flnding the slope
of .the’ plot of %n (AmP/T) vs. emperature. : f‘

It is possible to determlne the Dlngl//temperature —_
ffgm the varlaﬁpon of. amplltude with fleld when the cyclotron.
mass m* is known from the temperature varlatlon of amplltude.

In the presence of a finite temperature the‘Landau levels are not
perfectly eharp but are.broadened. ?hie effect arisebzfiqi-the “*° 3 -
finite lifetime of‘electron states caused by collieions,-the |
lirting of.magnetic degeneracy of the electron orbits by the
lattice potentlal and the'effects of the dislocation in the
crystal. 'From.eq.'(II—l) the Dingle temperature is determined :
from the slope 14.69 m*Tp of A plot of " |

In [ ﬁ%ﬁ./ﬁ sinh .iﬂi%gﬂiJE)] -vs.“%

B, Band Structure and Fermi Surface of Reo3

ReO3 is body centered cublc crystal with the lattice para-

_-meter 3.743 &, The_density of the -rial is'B.Ql'gms/cm3;‘

Mattheiss calculated the band Structure for Rel5 in
three stages. He used an APW calculation at symmetry points
in the Brillouin zone in the first stage. Next, hecﬁ%ﬁd the.

method of Slater—Koster‘s L.CaO (llnear—combination of atomic

[} 1 3



/

' orbitals) to fit the APW results at symmetry direction to the
energy bands throughout the Brillouin zone. The fitting |

proo:du;gxgﬁ}t he used 1nc1uded states . arising from the - _' ;Si'
rhenium 5d and oxygen 2p: bands. He also took-account of the -
‘effects of spin-orbit coupling among the rhenium 5d states.~
.Finally, he adjusted the LCAO or tight-binding parameters which
affect the energy separation between oxygen 2p and rhenium 54
‘energy bands to fit the.experimental optical data of feinleib
et al (1968) and. oyclotron masses measured by Maxcus (1968)

Mattheiss found several Fermi surface sheets, which he

labelled a,B, Y-' Each sheet corresponds to an electron—like a

-

surface centered_&bout T The- B, anMJK‘_sheets are closed,

Ay ey
-~

N while the-T sheet is open along(@lo directions. Thewa_;

8 and T Fermi surface sheets contalns 093, .171-and .736
'electrons per rhenium atom.- A three-dimensional sketch of the
Fermi surface sheets is shown in Fig. 1. The « sheet .is
rather circular inathe (100} plane and slightly squared off

in the (110)'plane. The reverse ‘is true for, the 8 sheet. The
Y sheet has two closed extremal orbits when the magnetic
field is along the [100] direction. One is electron#like N
and the other is holellike rz. Another'extremal orhigﬁf;
"which is‘electron_like”exists onzthe Y sheet when the magnetic
) field>is near the [111] direction. There is‘alsoy,, & hole-
_lihe orhit shich is analogous,tofi It #an be visualized‘on |

‘a hole surface similar to the y surface but enclosing all

-
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space not 1nslde ‘the v - 'surface.-
In addition to these orblts, Mattheiss predlcted an -
orbit which 1nvolves magnetlc breakdown from the g to the

5
Y. Fermi surface sheets when the magnetic flEld is’ along the

[110] direction. The extremal area and cyclotron mass of this -

orbit are 0 750A° -2 (correspondlng to a frequency of 78 75
MG) .and 0 86 mg» respectively. | |
~ Mattheiss used the Muller (1966) inversicn scheme
to determine the cyclotron masses for orbits for the central’.
« extremal area of .e_Ferml surface. The results for the, a,}a
and i orbits for (10@ and (110 )'pl es,. are shown dn
kfﬁéf 2. It should be men£1oned}Ehat these results are the

adjusted cyclouron masses.,.

.. | - 15

n
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*The lowfrequencyLmodulation‘techniqne'was used. to

]
¥

CHAPTER III J

"EXPERIMENTAL TECHNIQUE

,

detect deA osc1llat10ns. In thlB technlque a small magnetlc

r

through a modulatlon coily

gnetlzatmon M is detected by a pick-up c011 at a harmonic

of the modulation frequency.

field hO' parallel to. HO' is produced by pa551ng a current

The time derlvatlve of the -

: can be wrltten as H + ho sin Nt.

The magnetic field at any time

N

Upon substltutlng this

_fleld into eq. (II-1) and usxng the fact that’ h<<H, and

2Fn2 h
; 3 GH <<1 the. magnetlzatlon can be written in the
-0 ] _ "

- form

»M = A(Hy) ['sin (2u-fr/no)

sin (a sin wt)]‘

]

where a = 2th/H

,

cos-(c*sin (mt))-eos (2nFr/H0)x

.2
{III-1)

Equatlcn (III 1) can be expanded 1nto its harmonlc components

of w by using the property.

" cos (x sin e)

0. .
and sinix sin @} -

-

=

’Jo(x) +’2 é=l J2N§X) gos (Zne3
2 J (x) sin ((2N+l)e)

g°

12

N=1 2N+1.

<

-
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.'- .' . .
P : -

.Then the time derivatiVe of (III-1) can be written as

n

‘Gy_.,____ ; S nw ' s
i A(Hj) n- [2nu Q}(u) sin (nut f ) X R ;
' ' _ 27F, - (III-2)
sin_(=ﬁ—— + ¢ + ‘B%—)I.‘ . : :
o o |

g erates a-series of harmoni s of modulation frequency w o,

The crystalb;used in (the measurement was obtained from

' Ferretti and was appromimately“a cube in shape with a side

| dimension'Of 2mm.  The speciman was. oriénted by the back -

reflection Laue method. It uas mounted in a sample holder

~with an error in the crystal alignment of about. half degree.

&
The modulation frequency was 517 Hz which was low enough

to ‘allow complete penetration of the modulation field into

”the sample. .If this is not the case, then the Bessel function

in expression (III ~2)- Wlll not have the same value in all
parts of the sample (Gold 1968) ' o »

." The deA frequencies were detected at the. second harmonic‘
f

. of 517. The detailed electronicproceSSLng has been described by -

. Dunsworth (1972). ) -,

. A 55 kG Westinghouse superconductivity solenoxd

~

was used to provide the d c. field. The field values of

| 35-55 kG - were used to observe the deA osc1llations in Re03.

Data were collected on magnetic tape and Fourier analyzed by

computer.,’ The amplitude for each frequency was foﬁnd from the

Fourier transform amplitude.
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Great-care'was'taken to ensure that the amplifier- L &

, detectlon system was hlghly lznear and the gain. of neither the

oscillator power ampllfler or ampllfler detectlon system change'

with time,

w - . -

Temperature_getermlnations were made by measuring the
liquld hellum vapouﬁ\pressure with a Texas Instrument preczsion

pressure gauge. All data were taken below theh p01nt‘(2.172 k).'

_ to ensure,that the liquid and vapour were in equilibrium.

‘Also a low modulation current’(270_mA) was used to decrease

<

'the rate of evaporation of 1liquid helium.




CHAPTER IV
RESULTS 4

Theaangnlar dependence of the frequencies of the
..fundamental dHvA terms for the fleld directions lylng in ‘the
_(11d)‘plane is shown in Flg. 3q ~The varlous‘branches_are.
labelled by the SaneiGreek letters used by Mattheiss; “In
'addition.to six frequency branches, o B, and Y reported
"by Marcus, and 12, 73, Y4 reported by Phlllips “and Shanks,
we observed -a frequency Y- B) Wthh changed” from a

i
value of 73. 4 MG 15 degrees to [110] -direction to 72. MG at

-

the [110] directlcn. Thls is- attributed to magnetlc break-

doﬁn‘be&ween Y aﬂd 8 Fermi Su\ ce shFets. The calculated

eatler~than our measured
S . 23
value. : : : - ' , \‘

4

frequency for this orbit is 8.3%

Cyclotron masses for the a, p and Y ‘braiches were
determined‘for'directions in the (110) plane. The massiwas‘
foundlfron the  least square fit of the.sloﬁe of the ln
'(Amplitude/Temperature)‘ vS. temperature (eq. Y1~ 9) An B
!example of the f1t is shown in Elg. 4 for the effective
mass of the a branch at 25.8° from‘the [Ooij‘ddrectfcn.

The ;cyclotrdn maeses'forl;he a, B and Y branches are
’tahulateddin—Table 1. The comparlson of exper1menta1 data for

the « , B and Yy branches with the mass values calculated

by Mattheiss,is shown in Fig. 5, 6 and 7. ‘The a branch.

15



16

-

resulted‘from the dominant osciliation-throughout its (110)'

- plane and it was well separated from the higher frequency

branches. Thus, "the mass of the a branch was ‘easily measured
The mass values for this branch changes from a low of .574 mo
at the [001}) direction to a high of .72 mo near the [111]
direction. For theg branch, the dHvA amplitude was~maximuma
atlthe {001] direction, decreased gradually as the field

direction went toward the [111] direction and increased

-again as the. fiel .approached the [110] direction. The dHVA

signal fo; the B8 ranch was weak near the 1111} and mass
measurenents could not be done-between 50 - 63°_from the [001]
direction. The mass values for the g branch | varies from a
low of 752 my at the {001] dlrection to a high of .988 m0

at the Llll] direction.. The oscillation for the Y1' frequency

'had the smallest . 'amplitude. The mass values for the Y] branch

s

are .615 mo and .926 my at [001] and [110] directions,

. -

| < R4
‘respectively.‘ At ‘directions less than 16° frz?_Ll}O]direction,

“the 8 and n ' ﬁgequency branches are very clqgse to each other

‘and.approximately 750 oscillations were recorded, to obtain

enough resolution to separate them.T In addition to these

results,'?ye mass value for thea -8 frequency was determined,

-

~and was found to be 1.07 + 02 M o.at the [110] direction.

This value is 20%‘higher than the value;calculated by
Mattheiss. ' . . g

The experimental error of the measured effective masses

N ST Y
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 TABIE I

. Direétion- f' m*/m o m*/m . h*/m.
(degrees from [001] T ¥

0.00 [001] ~  .574 17 615
2:00 - o s70 o .152 . .620
§.75- . - .585 758 . 648

10.50 583 783  ,659

21.50 633 - . 811 - .698
25.75 634 ¢ .823  L 744
32.00. | AR S 826
37.00 - .652 . .887 857
44.50 | L717 .988 o4z
51.25 T2 ~ .985 ST
55.00 [111] - .694 e (’ —
58,00 - - .708 - S
68.00 | | .10 | .952 | ==-—-
$74.00° .71 T .932 .982
80.00 670 . .922 ——-
84.50 . .685 920  .954

90,00 [110]- .687 .89 .926
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FIG.5. Cyclotron mass for the alpha branch in the (110) plane.
| Solid_line:_calcqlated'by Mattheiss. .
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FIG.6. Cyclotron mass for thétbetalbranch in the (110) plane.

Solid line: calculated by Mattheiss.
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FIG 7 Cyclotron mass for the gamma branch in the (llD)plane.
Solid llne. calculated by Matthelss.“ - 4
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-‘was about S%. The major source of error was due to measurlng
) the deA amplitude from the Fourler transform peaks, whlch is

an average over the magnetic flEId range._ However, 1t ‘was not

-~

possible to measure amplltude of one osc1llatlon dlrectly

beaause several osclllatlon were always- superlmposed. Also the '

Fourler transform may not correspond exactly to the: pOSltlon
of the _dHvA frequency because of the digltal nature of the
computer analysms. There ls also error due to temperature
L measurement and crystal ndsorlentatlon. |
- ~ If there ls only,one deA frequency such as for a
metal wrth nearly spherlcal Ferml surface, the cyclotron mass
- can be measured to an accuracy of 1%. Also the same accuracy
can be achleved by a system of’ parallel and perpendlcular
> rotating modulatlon COlls, so that one dHvA frequency can be
singled out by fllterlng up’ to two dHVA frequenc1es frcm the
spectrum (W:ndmiller '1966) . | Thls method Was not’ applicable‘
to- the dHvAa effect of Re03.‘
The Dingle temperature at the [111] dlrectlon of the

e .

o a géanch was found from the magnetic field varlation of the

dHVA amplltude at constant temperature. The Dingle temperature,‘

was determined from the least- square f1t of the slope of

1n (A/“_ Simh (o m¥ T/H)/J2(21th/Hz)) vs. H"L, This is

shown lanlg,rﬁ,Lwhere_F—w—AGBS +6— Tesla“is_the'aHvA frequency

at the [lll] dlrection for the « branch, and . m* = ,708 mo.' The

' Dingle temperature for thls direction was found to be

K
|
i
|
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FIG.B.'Log plot used to determine the ‘Dingle temperature TD

for the alphajbraﬁch at the [iil]“direction.
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- _ o CHAPTER V *
DISCUSSION AND CONCLUSION

‘VThe‘summary‘cf.comparison of this?ﬁcrk ?or erfective
-_magses-faf_a,.é and fi‘branéhes with'theoryfcalchlated by |
‘Mattheiss.is shown in Fig. 9. The experlmental results
‘Sff lie 2 - 15% higher than the calculated results.
' Marcus has determined the cyclotron masses for the o .

sheet of the Fermi surface for three magnetlc field dlrectlons.

These are compared with our result in table II The cyclotron‘

- masses predlcted'by Matthelss for the fltted and the adjusted

band structure model of Re03 :are also lncluded in table Ir.

© ‘ . ' " raBLE IT- _
. - - « ‘1
‘ o . Mattheiés .
H - This Work: Marcus Fitted Adjusted :
9° to [111] RIL AR .68 .758 .637
at {1117 - 695 . .67 . .157 635
17 from [111] 71 - .65 . .759 .. Jsas

e

The difference between thls work and the fitted ‘values of
Matthelss is about 6% whereas the difference between fltted
theory and_ Marcus"data 1s twice as large. As mentloned L

= -

prev10usly, the dlscrepancy between the fltted results and

26 , co
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the experlmental values of Marcus was one. of the factors = |
J_whlch Mattheiss took 1nto account to adjust hlS original APW _.
band calculatlon.; Our results show that the adjustment made
jby Hatthelss was an overcorrection because the mass values
are less than those measured by Marcus. . |

As predlcted by Matthelss a new frequency was
observed havingfthe frequency of 72MG and effectlve mass of o
"1.07 mg at the [110] dlrection. This ‘frequency is about
8% lower and the effectlve mass is 20% hlgher than the corres-
ponding-calculated values. ThlS frequency is. attributed to
‘the magnetlc breakdown between the 8 and Yy Fermi surface
sheets. Experlmentally, the magnetlc breakdown behavioury
could not be determlned from the field dependence of the

amplitude, because the deA 51gnal together w1th that of r

8 and Y disappear below 33, kOga.-

. .
4 e

The band structure calculated by Matthezss does not

‘ include electron—phonon 1nteracglons whlch contrlbute to the
effective mass. :The cyclotron mass measured in dHvA is
increased by. -~ the electron—phonom lntergctlon. Unfortunately
the uncertalnty in the calculated band structure mass is large
enough that it is not possmble to attrlbute any dlfference
between the calculated‘and observed masses to electron phonon
effects.' chever‘the close-agreement (2-20%) between the

calculated and observed mass 1nd1cates that the electron~- .

phonon mass enhancement is not exceptionally large.




29

BIBLIOGRAPHY

‘Dunéwprth, A.E., Ph.D. Thesis, McMaster-Uniﬁérsitf‘(1972);
" Feinleib,.J., Séouler,'w. J. and ?erretti, Phys. Rev.VlGS,
: 765 (1968). '

Ferretti, A.,Rogers,.D; B. and Goodenough, J Phys. Chem.'f
Solids; Pergamon Press 1965 Vol. 26, pp 2007 2011

Llfshitz, I. M. and Kosevxch, A, M.; 1955, Zh Eksperlm. Theor.
Fiz. 29, 730/ [English Tranglation, Soviet Phy51cs -
JETP 2, ﬁd{lQSG)] : :

Marcus, S. M., Phys. Letters‘zja;.584 (igsa).

Matthelss, L. F., Phys. Rev. 181"987 {1969)

Mudler, F.. M., Prlestley, M. G., Phys. Rev. 148, 638 (1966)

. Ngrath,‘A. gnd ‘Barham, D.C., Phys. Rev. 176, 479 (1968).

Phillips, R.A. and Shanks, H.R., Phys. Rev. B4, 460 (1971).

- Phillips, R. A. and Gold, A. V., Phys. Rev. 178 §32 (1969).

w0 ‘

Schirber, J. E., Mor051n, B., Anderson, J. "R, and Stone, D. R.,
Phys. Rev. BS, 752 (1972) '

H



	McMaster University
	DigitalCommons@McMaster
	8-1-1975

	Measurement of Cyclotron Masses in Re03
	Fereidoon Saadatmand-Razavi
	Recommended Citation



