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Band structure and Fermi surface of TmGa3
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In the present work the Fermi surface geometry and cyclotron masses of a TmGa3 antiferromagnet in a
field-induced paramagnetic phase are determined by using the de Haas–van Alphen–effect method. The results
are analyzed on the basis ofab initio band structure calculations for TmGa3 and LuGa3 .
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I. INTRODUCTION

In the present work we continue our recent1 studies on the
electronic structure of the cubicREGa3 (RE denotes heavy
rare-earth metal! compounds. The aim of the work is th
determination of the Fermi surface~FS! geometry and effec-
tive cyclotron masses of TmGa3 by means of the de Haas
van Alphen~dHvA! effect. The results are analyzed on t
basis of self-consistent band structure calculations of Tm3
and LuGa3 compounds.

TmGa3 crystallizes in the cubic AuCu3-type structure
with the lattice constanta54.196 Å . At 4.26 K it undergoes
antiferromagnetic transition2 to the multiaxial 3k-type
structure.3,4 In the paramagnetic state an interaction betwe
quadrupolar moments of the 4f shells is so strong that i
leads to their ordering just aboveTN ; it has been shown tha
the leading mechanism is pair quadrupolar interaction
conduction electrons.5

In Fig. 1 the magnetic phase diagram in magnetic fi
parallel to thê 001& axis is shown~cited from Ref. 4!. The
antiferroquadrupolar phase exists only in low fields up to
T and in the very narrow range of temperatures (TQ ,TN)
,0.1 K. The critical linesHc1

(T) andHc2
(T) are the lines

of metamagnetic transitions: in the fieldHc1
(T) from the 3k

phase to an intermediate one and inHc2
(T) from the inter-

mediate phase to the paramagnetic one.
In the field applied along the other two principal crysta

lographic axes,̂110& and^111&, the diagrams are similar to
the one cited but the critical fieldHc2

(T) reaches much
lower values and does not exceed 2.2 T. At temperatu
lower thanTN and in magnetic field higher than 7 T, ma
netic moments reach induced paramagnetic configurat
except for the small region of angles around the^001& axis.
Above the second metamagnetic transition the magnetiza
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is large and very anisotropic. This fact has important con
quences for the dHvA effect analysis.

First, in the Fourier analysis of the detected dHvA sign
v one must take into account the magnetic inductionB in the
Lifshitz-Kosevich formula instead of the applied magne
field Happl,

v}A sin@~2pF/B!1f#,

where the magnetic inductionB5Happl14pM (12N) de-
pends on magnetization per unit volume and on demagne
ing factorN.

Second, the dHvA frequencyF is proportional to the ex-
tremal FS cross-section area perpendicular to the magn
inductionB. However, in the case under consideration, ev
at the fixed direction of the magnetic field, the direction

FIG. 1. Low field magnetic phase diagram of TmGa3 for a mag-
netic field along@001#. The inset shows the whole diagram.
7893 ©1999 The American Physical Society
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magnetic induction changes continuously with increas
magnetic field until the magnetization saturates and t
BiHappl.

Third, in order to avoid broadening of the phase oscil

FIG. 2. Angular dependence of the dHvA frequencies
TmGa3 : filled circles — in the field higher than the second critic
field, empty circles — in the field lower thanHc2 . Curves show
calculated results for spin up~dashed! and spin down~solid!.

FIG. 3. Angular dependence of the dHvA frequencies in LuG3

cited from Ref. 1.
g
n

-

tion, the samples should have an ellipsoidal form. In turn,
necessity of the constancy of the demagnetizing factoN
under rotation limits the shape of the samples used
spheres.

Fourth, in a strong magnetic field the magnetic mome
of Tm31 ions reach spin-polarized paramagnetic configu
tion. Then thek-f exchange interaction leads to a splitting
the conduction band into subbands with spins parallel
antiparallel to the direction of the magnetic induction. T
value of the band splitting should be proportional to the m
netic moment value and thek-f exchange integral.

The next complication which one may expect comes fr
the fact that the ground state3H6 of Tm31 ions in the crystal
field ~CF! of TmGa3 is the tripletG5

(1) .3 This state is char-
acterized, in addition to the magnetic dipole moment, by
electric quadrupole one. In an applied magnetic field the q
drupolar moments follow the rotation of magnetic momen
The rotation of quadrupoles leads to~1! a change of inter-
atomic distances and~2! a perturbation of the cubic symme
try. Therefore, the rotation of the quadrupoles is equival
to applying uniaxial stress with magnitude and direction d
pending on the strength and the direction of magnetic fie
The symmetry changes that follow may remove degener
of FS at points of self-crossing. A change of the interatom
distances may lead to a topological transition, i.e., appe
ance of the new sheets of FS.

FIG. 4. Angular dependence of the second critical field in
plane~100! ~a! and ~110! ~b! in TmGa3 at T52.6 K.
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TABLE I. dHvA frequencies and the corresponding cyclotron masses in TmGa3 .

^001& ^110& ^111&
F(106 Oe! mc /m0 F(106 Oe! mc /m0 F(106 Oe! mc /m0

2.25 2.02
2.89
3.58 3.57 0.46 3.55
6.65 4.80 4.31 0.50
11.69 0.82 12.66 0.96
14.79 14.60
41.08 1.47~1.3! a 34.24 0.90
98.70 1.40~1.2! a 94.41 1.0260.03b 87.28 0.77

aMeasurement below the second critical magnetic field.
bAccuracy of all other measurements ofmc/m0 is equal to60.01.
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II. EXPERIMENT

The single crystal species of investigated compou
were prepared by the slow cooling method~0.6–0.8 K/h! of
the alloy composed of 90 at. % Ga and 10 at. % Tm or Lu
the resistance furnace. The synthesis was carried out in
alundum crucible located in a quartz ampoule in argon atm
sphere under pressure of 150 torr at room temperature
obtain sufficiently large single crystals the process of a f
slow thermal cycles in a range below the liquidus-solid
line for selecting only the largest seeds is applied. The s
thesis was stopped at about 300 °C and then the sample
quickly cooled to room temperature in order to avoid t
formation of REGa6 compounds in peritectic reaction.6 The
purity of starting metals was 6N for Ga and 3N for Tm and
Lu. The resulting crystals of theREGa3 compounds were
immersed in an excess of Ga which is easy to remove.
largest single crystals have dimensions 63635 mm3. Ac-
cording to the x-ray examination the quality of the sample
very good.

The dHvA-effect measurements were performed on
spherical sample~diameter 2.5 mm! by using the standard
field modulation method at temperatures down to 1.5 K a
in magnetic fields up to 13 T. In order to investigate t
angular dependence of the dHvA frequencies the sam
could be rotated. This allowed us to carry out the measu
ments in the field in the~100! and~110! planes. The dHvA-
effect measurements were carried out in the paramagn
phase well above theHc(T) line of the antiferromagnetic
paramagnetic transition~Fig. 1!, except for a small angle
region around thê 001& axis, for which the critical field
reaches significant values@Fig. 4~a!#.

For this intensity range the magnetic field induces a pa
magnetic~or quasiferromagnetic! configuration of magnetic
moments~not a ferromagnetic state!. When this configura-
tion is attained, the magnetization does not change distin
and it is possible to analyze dHvA frequencies. In the ot
case dHvA frequencies would change in value following
strength of the external magnetic field. Also, in the fie
induced quasiferromagnetic configuration the dHvA sp
trum for TmGa3 can be compared with the results of th
band structure calculations for the spin-polarized state.

The effects resulting from the influence of antiferroma
netic and antiferroquadrupolar order on the Fermi surf
have not been examined in this research. For these phase
s

n
he
-

To

s
n-
as

e

s

a

d

le
e-

tic

-

ly
r

e
-
-

-
e
the

large magnetization value and its strong dependence on m
netic field have not allowed us to analyze the dHvA oscil
tions. Also, a very narrow temperature range (,0.1 K! for
the antiferroquadrupolar phase has prevented a corresp
ing study of the dHvA effect.

III. RESULTS

The angular dependencies of the dHvA frequencies in
~100! and ~110! planes for TmGa3 are shown in Fig. 2. The
corresponding dHvA frequencies and cyclotron masses a
principal crystallographic axes,̂100&, ^110&, and ^111&,
are given in Table I. For comparison and further discussi
the angular dependencies of the dHvA frequencies ta
from Ref. 1 for LuGa3 are shown in Fig. 3.

The Fourier analysis of the dHvA oscillations was pe
formed by taking into account the magnetic inductionB
5Happl1(8p/3)M . Magnetization in magnetic fields, use
for dHvA-effect measurement, depends rather weakly on
magnetic field strength. For the analysis we have emplo
magnetization data up to 7 T from Ref. 4. Also, we used ou
supplementary magnetization measurement data for
fields above 7 T.

In order to find the field dependence of magnetization
other directions than along principal crystallographic ax
we have applied the following procedure. In the molecul
field approximation we have calculated magnetization s
consistently. The Hamiltonian employed contains the crys
field, and the exchange and Zeeman terms. The values o
interaction parameters were taken from Refs. 3–5. The
culated values of the magnetization differ by about 25
from the experimental ones, but the character of the fi
dependence is very similar. We assumed, therefore, tha
calculations have given correct angular dependencies of
magnetization at the constant fields. The attempts to impr
agreement between the experimental and calculated ma
tizations by including the magnetoelastic and quadrupo
terms to the Hamiltonian have failed. Therefore, the cal
lated values of the magnetization, normalized to the exp
mental ones along the principal crystallographic axes, w
used in the Fourier analysis of dHvA oscillations.

The second important assumption, which we made to
parameters for the Fourier analysis, was that the magne
tion vector is parallel to the magnetic field vector. This a
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7896 PRB 59V. B. PLUZHNIKOV et al.
sumption may be accepted because for nearly all direct
the applied magnetic field was large enough to reach
quasiferromagnetic configuration. Only along the^100& axis
and at angles close to it was the critical magnetic field, ab
which magnetic moments reach the quasiferromagnetic c
figuration, so high that the dHvA-effect measurements w
performed in fields below the critical value.

The angular dependencies of the dHvA frequencies w
measured at 2.6 K and at the same temperature we d
mined in the~100! and~110! planes the angular dependen
of the critical magnetic field which leads to the quasifer
magnetic configuration. The results are shown in Figs. 4~a!
and 4~b!. Very strong increase of the critical magnetic field
seen when one approaches the^100& axis.

Upon comparing the angular dependencies of the
tremal cross-section area of FS for TmGa3 and LuGa3 ~Figs.
2 and 3! it is seen that~1! both of the compounds have thea
branches whose dHvA frequencies are very close and t
angular dependencies are similar,~2! both of the compounds
have theb andg branches whose dHvA frequencies are a
very close, but in the case of TmGa3 these branches exist i
a narrower range of angles, and~3! instead of one lowes
dHvA frequency branchd for LuGa3 , there are several low
frequency ones for TmGa3.

IV. THEORY

The treatment of localized strongly correlated 4f elec-
trons still presents a challenge to band structure theory

FIG. 5. Energy band structure along high symmetry lines a
total density of states calculated for LuGa3 by LMTO method. The
energy is measured from the Fermi energyEF .
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the present time it is commonly believed7–9 that within the
local spin-density approximation~LSDA! a treatment of
heavy rare-earth 4f states as bands is suitable for Gd and
compounds only, where the seven filled spin-up 4f states lie
below, and the empty spin-downf states above the Ferm
energy (EF). But even for Gd, the calculated 4f bands ap-
peared to be too close toEF in comparison to experimenta
photoemission spectra~see Refs. 10–12!. Also, the hybrid-
ization with other conduction electron states is apparen
too large, raising the state density atEF and leading to the
unenhanced electronic specific heat coefficient which
larger than a measured value. The situation is far worse
other rare-earth metals since in spin-polarized calculation
spin shell is not filled and the 4f bands, which act as a sin
for electrons, always cut the Fermi level, leading to abs
values of specific heat coefficients7 and wrong 4f occupan-
cies, close to the divalent~i.e., atomic! configuration.12 The
excellent analysis of this problem with ample references w
given in Refs. 7–9. Also, the test band structure calculati
for Gd and Er pnictides were carried out in Ref. 9 with
LSDA, treating 4f states as bands, as well as the localiz
core states. By comparising the results of these calculat
with a wealth of experimental data~including bulk and FS
properties!, the authors of Ref. 9 have obtained solid e
dence that a strict band treatment for the 4f states is inad-
equate for heavy rare earths.

According to the photoemission data presented in R
10–12, the 4f spectral density for Tm and Tm-based com
pounds was observed about 5 eV belowEF . Therefore, for
the present purpose, which is mainly to describe the b
structure for the trivalent ground state nearEF , it seems
reasonable to treat 4f states as semilocalized core states,

d

FIG. 6. Intersection of FS for LuGa3 with high symmetry
planes. ‘‘6’’ and ‘‘7’’ — zone numbers.
TABLE II. Comparison of the experimental dHvA results with theoretical ones for LuGa3 . l is the mass
enhancement factor.

Experiment Theoretical interpretation
Branch Orient. F Massa Branch F Massa l

(106 Oe! (106 Oe!

a ^100& 98.06 0.74 R7 89.8 0.38 0.95
a ^110& 94.6 0.73 R7 87.5 0.36 1.03
a ^111& 88.6 0.57 R7 82.3 0.36 0.58
b ^100& 41.3 0.63 G6 46.35 0.48 0.31
b ^111& 35.6 0.53 G6 38.64 0.39 0.36

aIn units of free electron mass.
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is done in Refs. 7–9,13, and 14. The bulk and magn
properties calculated within the same approach, as we
Fermi surfaces, of Tb~Ref. 8! and ErAs~Ref. 9! appeared to
be in agreement with experimental data.

In the present paper the standard rare-earth model7 is em-
ployed in the limit of the large Hubbard repulsionU within
the ab initio LSDA scheme15 for the exchange-correlatio
effects. The problem of handling localizedf states of Tm was
solved according to the method outlined in Refs. 13 and
Namely, the spin occupation numbers were fixed by apply
the Russel-Saunders coupling scheme to the 4f shell. There-
fore, the 4f states were not allowed to hybridize with co
duction electrons. They were treated as spin-polarized ou
core wave functions, contributing to the total spin dens
but not being a part of the band structure.

The self-consistent band structure calculations were
ried out for LuGa3 and also for the paramagnetic configur
tion phases of TmGa3 by using the linear muffin-tin orbita
method~LMTO! in the atomic sphere approximation~ASA!
with combined corrections to ASA included.16,17 In order to
calculate Fermi surface orbits, the converged charge de
ties were obtained by including spin-orbit coupling at ea
variational step, as suggested in Refs. 7 and 8. In this c
the spin is no longer a good quantum number, and it is
possible to evaluate the electronic structure for spin-up
spin-down bands separately.

Also, we have employed the standard approximati
which has been extremely successful for rare eart7

namely, to omit spin-orbit coupling in spin-polarized ba
structure calculations for TmGa3. It provides a possibility to
elucidate the role of the spin-orbit coupling, and also
present ‘‘spin-up’’ and ‘‘spin-down’’ bands for the field
induced ferromagnetic phase of TmGa3, where the exchange
splitting is much larger than spin-orbit splitting.

In the framework of the LSDA, the spin density of the 4f
states polarizes the spin-up and spin-down conduction e
tron states through the local exchange interaction. The
change split conduction electron states interact with the
calizedf states at other sites, appearing as the medium for
indirect f -f interaction.14 The band structure was calculate
on a uniform mesh of 455 points in the irreducible wedge
the cubic Brillouin zone for the experimental lattice consta

FIG. 7. Spin-polarized energy band structure along high sy
metry planes calculated for TmGa3 by LMTO method. The energy
is measured from the Fermi energyEF . Spin up — dashed curve
spin down — solid curve.
ic
as

4.
g

r-
,

r-

si-
h
se
ot
d

,
,

c-
x-
-

he

f
t

value. The individual atomic radii of the components we
consistently chosen following the general rule, proposed
Ref. 18.

We have checked results of the LMTO-ASA calculatio
by comparing with our own full potential LMTO calcula
tions for selected high symmetry lines, and we found that
electronic structure and shape of FS are similar in the
types of calculations.

The results of the LMTO band structure calculations
LuGa3 along the high symmetry lines in the Brillouin zon
are shown in Fig. 5. The Fermi energy level crosses the s
and seventh bands. An intersection of FS of the compo
with the high symmetry planes of the Brillouin zone~Fig. 6!
reveals a seventh-band electron FS centered at theR point
and a sixth-band hole FS centered atG andX points. As seen
from Table II, the agreement between results of FS calcu
tions and experimental data is quite good. In agreement w
the results of Ref. 8 for Gd and Tb, we have found th
inclusion of spin-orbit coupling has a small effect on t
calculated dHvA frequencies and cyclotron masses.

The results of the band structure calculations of the sp
polarized conduction band of TmGa3 are shown in Fig. 7.
The intersections of FS of the compound with the high sy
metry planes of the Brillouin zone~Fig. 8! reveal the spin-up
and spin-down seventh-band electron FS centered at thR
point and the sixth-band hole FS centered at theG and X
points, analogously to LuGa3 . As seen from Figs. 9 and 10
the electron paramagnetic FS of TmGa3 is nearly spherical
whereas the hole paramagnetic FS is the complicated m
ply connected surface.

The densities of statesN(E) have been elaborated usin
the tetrahedron integration scheme on a fine energy m
They are displayed in Fig. 11. The main features of the d
sity of states~DOS! for TmGa3 can be described by two
fairly broad peaks~bonding and antibonding states! arising
due to hybridization of 5d states of Tm and Gap states. The
last one gives important contribution to the total DOS at
Fermi energy. Values of the DOS for TmGa3 as well as for
LuGa3 are given in Table III.

V. DISCUSSION

The calculated angular dependence of FS extremal cr
section areas is presented in Fig. 2 together with the exp

-

FIG. 8. Intersection of the Fermi surface for TmGa3 with high
symmetry planes for spin up and spin down. ‘‘6’’ and ‘‘7’’ — zon
numbers.
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7898 PRB 59V. B. PLUZHNIKOV et al.
mental data. The agreement is quite good~see also Table IV!
for the extremal cross-section areas of the seventh-band
tron FS ~brancha) centered at theR point and the larges
extremal cross-section area of the sixth-band hole FS
tered at theG point ~branch b). dHvA oscillations from
various spin subbands of the branchesa andb are not seen
in the experiment. Also, the branchX6, expected from the
spin-down FS sheet with frequency 7.953106 Oe, is not ob-
served.

In the range of the high dHvA frequencies~branchesa
andb) as well as the medium ones~branchg) the spectra of
TmGa3 and LuGa3 appeared to be very similar. In the lo
dHvA frequency range, instead of one branch (d) for LuGa3,
several branches appear for TmGa3.

One may assume that crystal potential in both compou
does not differ significantly. Therefore, the differences in
dHvA spectra can be attributed to the presence of an unfi
4 f shell in TmGa3. As we have already mentioned in th

FIG. 9. Electron sheet of the Fermi surface in the seventh b
for TmGa3 in the paramagnetic phase.

FIG. 10. Hole sheet of the Fermi surface in the sixth band
TmGa3 in the paramagnetic phase. TheG point is at the center.
ec-

n-

s
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Introduction, these differences come from two main sourc
First, in the 4f spin-polarized state, from the splitting of th
conduction band of TmGa3 into ‘‘spin-up’’ and ‘‘spin-
down’’ subbands; and second, from the magnetostriction
fects due to theG5

(1) crystal field ground state of the3H6

multiplet of Tm31 ion in the crystal field of TmGa3. Unfor-
tunately, one cannot attribute in an unambiguous way
differences in angular dependencies of dHvA frequencie
TmGa3 and LuGa3 either to the conduction band splittin
and/or the magnetostriction.

Comparison of the calculated band masses with the ef
tive cyclotron ones for thea andb orbits is given in Tables
IV and II for TmGa3 and LuGa3, respectively. The mas
enhancement factorl, which is defined as the ratio of th
cyclotron mass to the band massmc5mb(11l), in the case
of LuGa3 is a measure of the electron-phonon interact
whereas for TmGa3 thel factor also contains a contributio
from the electron-magnetic excitations interaction.

Basically, the hybridization with the 4f states can also
contribute to the larger masses observed in TmGa3 than in
LuGa3 and affect the shape of the FS. Whereas the pho
emission data give the occupied 4f states at 5 eV belowEF
for pure Tm, the bremsstrahlung isochromat spectrosc
~BIS! excitation spectra indicate empty 4f levels at 1 eV
aboveEF ~see Refs. 10–12!. It should be emphasized, how

d

r

FIG. 11. Calculated total density of states for spin up~dashed
curve! and spin down~solid curve!. Filled square — partial density
of states for Tm in TmGa3 .

TABLE III. Density of states at Fermi level and the unenhanc
electronic specific heat coefficientg0 from the band structure cal
culations.

Compound Spin N(EF) g0

~states/eV atom! (mJ/mol K2)

TmGa3 up 0.33 3.14
down 0.32 3.09

LuGa3 0.30 2.84
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TABLE IV. Comparison of the experimental dHvA results with theoretical ones for TmGa3 . l is the
mass enhancement factor.

Experiment Theoretical interpretation
Branch Orient. F Massa Branch F Massa l

(106 Oe! (106 Oe!

a ^100& 98.70 1.2 R7 96.0b 0.41 1.93
87.7c 0.40

a ^110& 94.41 1.02 R7 92.8 0.38 1.68
85.1 0.38

a ^111& 87.28 0.77 R7 87.7 0.38 1.02
79.9 0.37

b ^100& 41.08 1.3 G6 42.8 0.46 1.83
34.0 0.40

b ^111& 34.24 0.9 G6 35.7 0.42 1.14
28.1 0.34

aIn units of free electron mass.
bSpin up.
cSpin down.
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ever, that this excited divalent configuration has only a d
tant relevance to our case of TmGa3 studied in the trivalent
ground state.

As was shown in Sec. IV, the hybridization effects a
sufficiently overestimated within LSDA calculations. We b
lieve that at the present stage even calculations within s
modern LSDA1U scheme would not be of decisive impo
tance, and more elaborate analysis is necessary to estim
scale of the hybridization effects. In the case of a stro
hybridization with 4f bands, a substantial reduction of th
conduction band width in TmGa3 would lead to a sizable an
anisotropic effect on the cyclotron masses, but, at the s
time, to remarkably different bulk properties in comparis
to LuGa3 . By glancing at the experimental lattice param
eters, which decrease slightly in a linear fashion in the se
ErGa3 ,TmGa3, and LuGa3 due to the lanthanide contraction
we can expect, however, that conduction band widths
very close in these compounds, and ‘‘bare’’ cyclotr
masses should also be close.

The CF scheme in TmGa3 gives theG5
(1) ground state

with intrinsic magnetic and quadrupolar moments. It w
shown in Refs. 19 and 20 that corresponding excitations c
tribute to the effective mass of the conduction electrons,
the effect appears to be large and magnetic field depend
Obviously, this mechanism has to be taken into considera
in a future analysis of the experimentally observed diff
ences between the cyclotron masses in LuGa3 and TmGa3.

One may expect that the presence of strong quadrup
interactions increases cyclotron effective masses. It is w
known20 that the quadrupolar excitations do not occur
compounds with the cubic symmetry. They may appe
however, in TmGa3 as coupled magnetic-quadrupolar ex
tations in applied magnetic field. Therefore, the enhancem
factor l, determined from comparison of the experimen
-
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cyclotron effective masses with the corresponding calcula
ones, presumably contains a contribution from coup
magnetic-quadrupolar excitations.

As can be seen in Table II, in the nonmagnetic LuG3
compound the electron-phonon enhancement factorle-ph
ranges from 0.3 (b branch! to 1 (a branch!. These values are
in agreement with the independent estimation of the av
agedle-ph, resulting from McMillan’s relation21 for super-
conducting LuGa3 (Tc52.35 K!: le-ph.0.6. On the as-
sumption that the values ofle-ph in TmGa3 are close to the
corresponding ones in LuGa3 ~given asl in Table II!, and
using values ofl presented in Table IV, one can estima
le-magnonfactors for FS orbits in TmGa3. According to our
estimations, this factor appears to be more anisotropic t
le-ph, and varies within 0.5–1 and 0.8–1.5 fora and b
orbits, respectively.

In conclusion, we can admit that more work is needed
elucidate the detailed nature of the large cyclotron mas
observed in TmGa3, and in particular, to evaluate the effec
of coupling to magnetic-quadrupolar and CF excitatio
Also the hybridization with 4f states should be taken int
consideration as well in the framework of anab initio rigor-
ous version of LSDA1U or some other Hubbard-like ap
proach. Obviously, these tasks go beyond the aim of
present paper, where we tried to reach a true LSDA lim
within the standard rare-earth model, and remaining qu
tions cannot be addressed by LSDA calculations.
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