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Magnetic-field dependence of the paramagnetic to the high-temperature magnetically ordered
phase transition in CeB6

Donavan Hall and Z. Fisk
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Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803-4001

~Received 8 December 1999!

We have measured the magnetic-field dependence of the paramagnetic to high-temperature magnetically
ordered phase transitionTQ(H) in CeB6 from 2 to 30 T using cantilever magnetometry. It is found that the
phase-separation temperature continuously increases in field with an increasingly positive slope. In addition,
we find that measurements in strong magnetic-field gradients have no effect on the phase transition.
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I. INTRODUCTION

The dense Kondo system CeB6 (TK;1 K) exhibits a
three-part phase diagram~see Fig. 1!. This paper reports new
high-field measurements of the phase I to phase II transi
temperature in theH-T planeTQ(H). Cerium hexaboride is
one of several rare-earth hexaborides that crystallize in
primitive cubic structure with the rare-earth ions at the cu
center and boron octahedra at the cube corners. In the
decade there have been many studies of the electronic,
mal, and magnetic properties of CeB6 because of interest in
the low-temperature heavy fermion~HF! ground state.1 All
of the magnetic properties arise from the single 4f electron
on the Ce atom that hybridizes with the conduction electr
to give rise to the HF behavior.

The largest factor influencing the energy levels of thef
electron on the Ce atom in CeB6 is the spin-orbit interaction
This interaction splits the 14-fold degenerate 4f level into a
6-fold degenerate,2F5/2, and an 8-fold degenerate2F7/2,
level. The 2F5/2 level lies lowest in energy and is separat
from the 2F7/2 level by an energy much greater than 500
Thus only theJ55/2 state is populated at room temperatu
and below. In the absence of any other effects the magn
sublevels would correspond toJ561/2, 63/2, and65/2
with a Landeg factor for this level of 6/7.

Point ion crystal-field theory2 predicts that the cubic crys
tal field due to the six borons in CeB6 further splits the Ce
6-fold degenerate2F5/2 level into a 2-fold degenerateG7 and
a 4-foldG8 level. There have been different interpretations
data with differing conclusions about the energy ordering
these two levels,3–6 but it is now generally perceived that i
CeB6 the G8 is the lowest-energy state, and the splitting b
tween theG7 and theG8 levels is on the order of 530 K.7 The
G8 symmetry of thef electron on Ce allows not only a mag
netic dipole moment, but in addition, an orbital electric a
magnetic quadrupole moment. In zero applied magnetic fi
several different orderings of these moments have been
posed to occur.

The overall results of the previously published magne
field-temperature phase diagram of CeB6 is shown in Fig. 1.8

At high temperatures the material is paramagnetic~Phase I!
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with 2.34mB per Ce atom. In zero applied field, as the te
perature is decreased, there is a transformation into the
ordered state at 3.5 K~Phase II!, then at 2.2 K the Ce dipole
moments align antiferromagnetically~Phase III!. There are
several substructures within Phase III, but we will not
concerned with the structure of Phase III other than to po
out that at all applied magnetic fields above about 2.2 T
does not exist.

The ordering in Phase II was studied by neutron diffra
tion and proposed to be an ordering of quadrupole momen8

Antiferro quadrupolar ordering has been observed in ot
materials, for example TmTe.9 In TmTe this AFQ ordering is
destroyed by applied magnetic fields of higher than 6 T.
can be seen from the published phase diagram for CeB6 , the

FIG. 1. The magnetic phase diagram of CeB6 exhibits three
main phases at zero field separated by two magnetic ordering
peratures: the quadrupolar ordering temperatureTQ53.2 K and the
Néel temperatureTN52.4 K.8 Phases I through III are labele
paramagnetic, antiferroquadrupolar~AFQ!, and antiferromagnetic
~AFM!, respectively.
84 ©2000 The American Physical Society
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state is not destroyed by the application of magnetic fields
to 15 T. In this AFQ model it is the coupling between th
orbital quadrupole and spin dipole moments that allows
phase transition to be observed with magnetic torque m
surements in uniform fields.

II. MEASUREMENTS

The magnetic measurements were carried out with a m
film cantilever magnetometer, composed of two metal pla
~one fixed and the other flexible! that senses forces an
torques capacitively. A single crystal of CeB6 is attached to
the flexible plate with ApiezonN grease. When the sample
cantilever is positioned at field center, the sample exp
ences a torque proportional to its magnetization. Most of
measurements reported here were made at field center. H
ever, three data points were taken with the sample in a fi
gradient~0.2 T/cm!, where the sample experiences a for
proportional to its magnetization. The data is summarized
Fig. 2.

The sample’s magnetization was measured at fixed fi
as a function of temperature~as shown in Fig. 3!. To ensure
proper determination of temperature a Lake Shore CernoTM

CX 1030 series resistive thermometer was thermally
chored to the flexible plate of the cantilever with Cry-C
grease,10 and corrections were made for the magnetic-fi
dependence of the CernoxTM thermometer. Details of how
such corrections should be made can be found in a pape
Brandtet al.11

III. DISCUSSION

Because of the antiferromagnetic ordering with wave v
tor k05@1/2,1/2,1/2# observed in neutron diffraction,8 the or-
dering in Phase II was proposed to be that of quadrup
moments, requiring a splitting of the fourfold degenerateG8
ground state into two doublets. Several models have b
given for this splitting. Either a dynamic Jahn-Teller effe
involving acoustic phonons, or a hybridization-mediated
isotropic coupling of the 4f wave functions to thep-like
boron or 5d-type cerium wave functions were suggested

FIG. 2. The quadrupolar transition temperatureTQ(H) is shown
as a function of magnetic field. New data are compared with pr
ously published data.
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possibilities in Ref. 7. An alternative interpretation of the
neutron scattering results has been given by Uimin in R
12. Uimin interprets the low-temperature frequency shift
the G7-G8 as arising from collective modes of spin fluctu
tions caused by the orbital degrees of freedom.

In an early paper Ohkawa13 proposed that indirect ex
change interactions between pairs of Ce atoms would p
duce a splitting of the fourfold degenerate level into
34) sixteen levels split into a group of two triplets and
group consisting of a singlet plus a ninefold degenerate le
with Phase II representing an ordering of the orbital m
ments. Calculations in Ref. 13 based on this model pre
that the critical field that destroys Phase II will be in exce
of 30–50 T.

Building on Ohkawa’s work, Shiinaet al.14 have con-
structed a mean-field theory for Ohkawa’s Ruderman-Kitt
Kasuya-Yosida model and calculated the phase diagr
They argue that the increase ofTQ(H) at low fields is due
mainly to field-induced dipolar and octupolar momen
Also, they suggest an improvement to the model by introd
ing asymmetry into the interaction between dipolar and
tupolar moments, which leads to induced staggered dip
moments and accounts for the distinction of Phase II int
low-field phase and a high-field phase suggested by Na
mura et al.15 However, detailed measurements on the sy
metry of the order parameter are required to see what ap
cability Shiinaet al.’s model has to CeB6 .

Uimin16,17 described the shapeTQ(H) as arising from
competing AFQ patterns near the ordering temperatu
These fluctuations are suppressed by an applied mag
field. Uimin’s model predicts three important characterist
of the AFQ-paramagnetic phase diagram:~1! thatTQ(H) in-
creases linearly at low-applied fields,~2! that the AFQ-
paramagnetic phase line is anisotropic in theH-T plane, and
~3! thatTQ(H) decreases and goes to zero at sufficiently h
fields. Based on data available at the time,18 Uimin estimated
the lower limit field for the re-entrance ofTQ(H) as approxi-
mately 25–30 T yielding anH(TQ50) approaching 80 T.17

The measurements reported here do not show re-entranc
to 30 T. Uimin points out that his estimate ofH(TQ50)

i-
FIG. 3. This is an example of raw data taken at an appl

magnetic field of 16 T. The temperature was ramped slowly thro
the quadrupolar transition shown asTQ on the plot. The change in
slope of the capacitance versus temperature curve is taken asTQ .
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does not take into account the Kondo effect, however,
measurements are carried out at higher energies than
Kondo energy~on the order of 2 K!.

Uimin’s theoretical treatment also found a significant d
pendence ofTQ(H) on the orientation of the applied field. I
the @111#, TQ(H) does not decrease for arbitrarily hig
fields. Our measurements were made with the sample in
@100#. However, no experiment has shown any signific
orientation dependence in theTQ(H) phase line, which
Uimin attributes to the unusual anisotropy of the Zeem
energy.

More recently, Kasuya19 has considered a paired dynam
Jahn-Teller distortion with no quadrupolar ordering caus
an increased Ce-Ce antiferromagnetic~AFM! coupling that
is enhanced by increasing the applied magnetic field. In R
19 the critical field at which this enhanced AFM ordering
destroyed also is predicted to be greater than 30 T.

It should be noted that muon spin rotation measureme
in zero applied magnetic field yield a different magne
structure for CeB6 for both Phases II and III.20,21 A detailed
measurement of the variation of the magnetic order par
eter as a function of temperature is needed.

IV. CONCLUSIONS

Our measurements of the phase boundary between Ph
and Phase II, along with previously published points,
shown in Fig. 2. As can be seen, the present measurem
below 15 T are in good agreement with published values
double the measured field range. The slope of the ph
boundary continues to increase with applied field and
on
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comes nearly independent of temperature above 25 T. T
is no indication that the phase is being destroyed with fi
up to 30 T. In addition to measurements in uniform fields,
have included several points that were taken in the prese
of a strong magnetic-field gradient dH/dz, where bothH and
z are along the@100# axis of the sample. If Phase II include
antiferro ordering of magnetic quadrupole moments, then
application of a field gradient should exert a force on t
moments causing them to align and destroy the phase
can be seen, the magnetic-field gradient has no effect on
transition temperature~see Fig. 2!.

In conclusion, it is seen that any theory that predicts
destruction of Phase II below 30 T does not include either
of the effects, or includes incorrect mechanisms. Two th
ries presented to date,13,19 both of which are predicated o
indirect exchange, predict destruction of the phase at fie
.30 T, and cannot be ruled out. Additional measureme
would aid in distinguishing between competing theories
the magnetically ordered phase. Clearly, the phase diag
TQ(H) needs to be measured to high fields. Also, measu
ments on the alloy series CexLa12xB6 will assist in under-
standing the splitting of theG8 level as the Ce concentratio
increases.
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