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Infrared spectroscopy under multiextreme conditions: Direct observation of pseudogap formation
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Infrared reflectivity measurements of CeSb under multiextreme conditlonstemperatures, high pres-
sures, and high magnetic fiejJdsere performed. A pseudogap structure, which originates from the magnetic
band folding effect, responsible for the large enhancement in the electrical resistivity in the single-layered
antiferromagnetic structur@dF-1 phasg was found at a pressure of 4 GPa and at temperatures of 35-50 K.
The optical spectrum of the pseudogap changes to that of a metallic structure with increasing magnetic field
strength and increasing temperature. This change is the result of the magnetic phase transition from the AF-1
phase to other phases as a function of the magnetic field strength and temperature. This result is an important
optical observation of the formation and collapse of a pseudogap under multiextreme conditions.
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Ce monopnictides have many magnetic phases with constanding the changes in the $bband due to the different
plex magnetic structures at low temperatures, high pressuresyagnetic structure.
and high magnetic fieldsThe magnetic moments originate  Angle-resolved photoemissibh and infrared reflection
from the localized C¥4f! electron. Direct magnetic ex- spectroscopgy® are employed to observe the electronic struc-
change interaction between (edlectrons does not occur, ture. The photoemission spectroscopy cannot be performed
but the magnetic interaction mediated by the conduction andt high pressures or in the presence of magnetic fields, in
valence electrons plays an important role. In the case ofvhich cases infrared spectroscopy is used. Recently, Kimura
CeSb, the interaction is known to be due to the hybridizatioret al. reported a change in the electronic structure of CeSb
between the Cd4and Sb® orbitals, referred to apf  due to a change in the magnetic order using infrared reflec-
mixing 2 tion spectroscopy and magnetic circular dichroi$H-The

The magnetic properties and magnetic structures of CeSthange in the Shbbands due t@f mixing in addition to the
have been thoroughly investigated by neutron scatterin@pybridization between the Sp5and Ce®l orbitals plays an
experiments:* However, only a few studies on the modula- important role in the formation and stabilization of the
tion of the Sb bands due to thef mixing have been per- double-layered magnetic structure.
formed. In particular, at pressures of several GPa, the elec- The electronic structure of CeSb at high pressures has
trical resistivity (p~several nf)l cm) at around T=30 K been investigated using infrared spectroscopy in our previous
increases by one full order over that at ambient presgure papert® In that paper, the spectral changesRff») due to
~ 140 u€) cm).® The origin of this increase is believed to be two magnetic phase transitionsRt 2.5 GPa were observed.
the strong modulation of the SpHhands. In this Rapid Com- However, the dependences of temperature and magnetic field
munication, we show that the Sphand modulation can be were not performed. In this study, to clearly investigate the
convincingly confirmed by optical measurements. electronic structure of CeSb in the AF-1 phase and its tem-

The magnetic phase in which the enhancement appears ferature and magnetic field dependencies, the higher pres-
the single-layered antiferromagnetiaF-1) phase, which is sure of 4.0 GPa is applied to the sample to stabilize the AF-1
not present at ambient pressure. The magnetic structure Rhase. And thew(w) spectra at 4.0 GPa, low temperatures,
+-, where + and - indicate the magnetic moment directiorand magnetic fields are investigated. As the results, we found
of the ferromagnetic layer along the magnetic field. Thethe formation of the pseudogap at the Fermi le&) due to
double-layered antiferromagnetic-+--, AF-1A) phase, the magnetic band folding effect and its collapse by tempera-
which is different from the AF-1 phase, appears at ambienture and magnetic field io(w). This is an important report
pressure and also at high pressures. The only difference b@wolving infrared reflection spectroscopy under multiex-
tween the AF-1A and AF-1 phases is in their magnetic structreme conditions.
tures, butp in the AF-1A phasdp=<10 u{) cm) is that of a Single crystalline samples of CeSb were grown by the
metallic phase, which is also different from that in the AF-1 Bridgman method using a tungsten heater crucibi.0.2
phase. Clarification of the difference in the electronic struc-x 0.2x 0.05 mn? sample was set in a diamond anvil cell
tures of the AF-1 and AF-1A phases and their temperaturevith Apiezon-N grease as the pressure medium and with a
and magnetic field dependencies is fundamental for undegold film on the sample as a reference. The pressure was
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calibrated using a ruby fluorescence method. Infrared reflecsure. In the CeBi case, thpf mixing intensity increases with
tivity measurements were performed at the magneto-opticalecreasing temperature. CeSbPat4 GPa gives the same
imaging station of BL43IR at SPring-8, Hyogo, Jagaihe  result, indicating that the temperature dependginmixing
station is equipped with an infrared microscope, a supercorintensity is responsible for the changeAn
ducting magnet, and a cryostat for cooling sampfeshe To clarify the change in the electronic structure Rt
diamond anvil cell was mounted at the sample position. Thee4 GPa andB=0 T as a function of temperature{w) de-
measurement parameters include the photon energy range wfed from the KKA of R(w) is shown in Fig. 2. To perform
0.1-1 eV, temperatures of 4-70 K, magnetic fields of 0-14 Tthe KKA, the HRF derived fromr, must smoothly connect
and a pressure of 4.0£0.1 GPa. A laboratorial infrared mito R(w) at the temperatures below 25 K and above 55 K. The
croscopy system without a magnetic field was also used ibtainedo(w) spectra at 10 and 70 K shown in Fig. 2 look
the photon energy range of 0.065-1.5 eV. To derivesthi®)  like normal metallic ones. However, the HRF derived from
spectra via the Kramers-Kronig analy§i€k A ), the obtained o, does not connect tB(w) at the temperatures between 30
infrared R(w) spectra were connected to tRéw) spectrum  and 50 K. This means that the measuRéd) spectra are not
in the photon energy region of 1.2-200 eV recorded only athe tail of the metallic Drude function but a part of low-
room temperatufé and were extrapolated usirR(w)>xw™*  energy interband transitions like in insulators. Rw) at
above 200 eV In the lower energy region, Hagen-Rubensw=0.065 eV is extrapolated to the lower energy side as a
function (HRF) (R(w)=1-[2-w/(moo)]*?, whereo, is the  constant and is connected to the HRF derived figgnThe
direct current conductivijywas used for the metallic spectra. absolute value oR(w) must contain the physical properties
In the event case that the HRF cannot be connected to thet around this energy. Therefore, th€éw) spectrum in the
obtained R(w) spectra, a constant extrapolation was em-extrapolated region has a qualitative meaning. To evaluate
ployed. This situation would not indicate metallic electronicthis quantitatively, these measurements in the lower energy
structures. A detailed analysis is shown below. region under the same multiextreme conditions should be
The temperature dependence of @) spectrum atP performed, which is impossible at present. Td@) spectra
=4 GPa and=0T is shown in Fig. (a). At T=10 and 70 K, derived from the KKA using this extrapolation method are
the spectra are typically metallic becauRav) approaches plotted in Fig. 2. Ther(w) spectrum at 35 K has a peak with
unity with decreasing photon energy. At intermediate tem-a peak energy of 0.065 eV. The peak energy, which origi-
peratures, théx(w) spectrum displays a strong temperaturenates from both of the absolute valuesR§tv) and o, shifts
dependence. At 30 K, the spectrum changes drastically. Pate the lower energy side with increasing temperature. In
ticularly, R(w) below 0.2 eV does not approach unity and CeBi, a similar peak appears in the AF-1 ph¥s€&he peak
cannot be fitted by HRF. This means that the metallic charshifts to the low energy side with increasing temperature in
acter is suppressed at intermediate temperatures. the same way as that of CeSb. However, CeBi differs in that
To clarify the temperature dependenceRobh), the differ- it has a metallico(w) spectrum and also a metallig value
ential intensity (A) between R(Zw=0.2eV) and R(Aw  even in the AF-1 phase. This indicates that the AF-1 phases
=0.4 e\) is plotted as a function of temperature in Figb)l ~ in both CeSb and CeBi have a gap shape electronic structure
This figure indicates that the temperature dependendeisf in common. However, the gap in CeBi is distant frégnand
very weak below 20 K and above 60 K. A large jump appearghat of CeSb is just orEg. This directly accounts for the
at 30 K andA slightly increases with increasing temperaturedifferent behavior inp between these materials.
between 35 and 50 K. At around 50 K,smoothly connects ~ To investigate the origin of the pseudogap, the effective
to the constant value above 60 K. The two characteristi€lectron numbefNg(w) =(2my/ me?) [§o(wo)dwo] is plotted
temperatures shown by the hatched areas are in good agre®-the inset of Fig. 2. Heren, means free electron mass.
ment with the magnetic phase transition temperatures at Based on the figure, the temperature dependence occurs be-
GPa determined by other methdtsBased on this figure, it low 0.4 eV. This means that only the electronic structure 0.4
is clear that the electronic structures in the AF-1A and PeV belowEg depends on temperature. The energy of 0.4 eV
phases are almost constant. At the transition temperatuig similar to the pf mixing energy [E(pfo)=0.35 eV,
from the AF-1A to AF-1 phases, the electronic structure drasE(pfm)=—-0.245 e\l of CeSbk?'? This indicates that the
tically changes. In the AF-1 phase, the electronic structur&b5 band modified by the Cd4spin structure due to thef
gradually changes with increasing temperature, eventuallynixing is the origin of the pseudogap. The enhancement in
reaching the value of that in the P phase. This is consisterihe electrical resistivity originates from the decrease in the
with the behavior of the intensity at the sublattice pgbkl,  density of states oEg through the creation of the pseudogap
0] indicating the presence of the AF-1 phase magnetic strucstructure. A similar pseudogap structure is also observed in
ture detected by neutron scatterfhfjhe magnetic scattering cases of pairing due to a charge-spin density wéwef, a
intensity at the sublattice peak as a function of temperaturéattice distortion due to the Jahn-Teller efféetetc. In the
illustrates the second-order nature of the transition from th@resent case, no pairing effect was observed. On the other
P to AF-1 phases and the first-order one from the AF-1 tchand, a very small lattice contraction appears in the magneti-
AF-1A phases. This behavior is consistent with the temperaeally ordered states in the form of a change in the {Ce4
ture dependence . This directly proves that the magnetic ground state fronk'; with a large charge distribution in the P
structure strongly couples to the Sb®lectronic structure. phase td’g with a small distribution in the AF-1 phagé??
This same result has been obtained in CeBi at ambiertlowever, if the lattice distortion would be the origin of the
pressuré® CeBi has an AF-1 phase even at ambient prespseudogap, the gap structure would remain in the AF-1A
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INFRARED SPECTROSCOPY UNDER MULTIEXTREME
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FIG. 1. (Color) (a) Temperature dependence of the reflectivity
spectrum of CeSb @=4 GPa andB=0 T. Successive curves are

temperature range as a guidb) The difference(A) between the
reflectivity at 0.2 eV and that at 0.4 eV as a function of temperaturecogp atP=4 GPa derived fromr(w)
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- FIG. 3. (Color) Optical conductivityo(w)] spectra of CeSb at
offset by 0.25 for clarity. The spectra at 10 and 70 K are also plotted>_ 4 GPa.(a) Magnetic field dependence &t 10 K. (b) Magnetic
by dotted and dot-dashed lines, respectively, in the intermediatggq dependence aT=40 K. (c) Temperature dependence Bt

=14 T. (d) Magnetic field-temperaturéB,T) phase diagram of

spectra under multiextreme

The hatched areas are the phase transition temperatures. The pPhggfqitions. The first-order- and second-order-like spectral changes

names of AF-1A, AF-1, and P follow the same notation as for

neutron scattering.

the scanga)—(c).

are shown by lines and hatchings, respectively. The arrows indicate

phase, as th&g ground state is common even in the AF-1A pf mixing. This is referred to as the magnetic band folding
phase. Since the difference between the AF-1 and AF-1/effect.
phases is only in the alignment of the magnetic moments, the Next, we show an example of a magnetic-field-induced
origin of the pseudogap must be the periodicity of the Ce4 nonmetal-metal transition under a high pressure. Figure 3
indicates the magnetic field dependence@b). In Fig. 3a),

the o(w) spectrum aB=0 T is equal to that at 6 T. The
spectrum at 7 T is different from that at 6 T and is equal to

magnetic moments contained in the $ligand through the

Extrapolation range

N
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FIG. 2. (Color) Temperature dependence of the optical conduc
tivity spectrum[o(w)] of CeSb atP=4 GPa and8=0 T. The direct
current conductivities at=35 K (O), 45 K (A), and 50 K(O) are
also plotted. Since the measured energy range was above 0.65 AF

that at 14 T. This indicates that the region below 6 T is all the
same phase and that above 7 T is a different one. The phase
transition magnetic field is 6.5+0.5 T. The data in Fi¢h)3
indicate the same situation as that in Fige)l3However, the
spectrum aff=40 K andB=0 T is different from that at 10

K and O T because these magnetic phases are different, as
shown in Fig. 1. Since the(w) spectrum aff=10 K and
B=14 T is the same as that at ambient pressure, 6.5 K and 6
T for the ferromagnetic(F) phase® the condition of P

=4 GPa,T=10 K, andB=14 T is also in the F phase. The
transition magnetic field from the AF-1A to F phases shifts
from 4.4 T at ambient pressure to 6.5 T at 4 GPa. The reason
for this shift is that thepf mixing increases and stabilizes the
double-layered magnetic structure with a decrease in the dis-
tance between the Ce and Sb atoms as a result of the applied
pressure. At 40 K in Fig. ®), the pseudogap structure ap-
pears belowB=6 T. The gap structure disappears at 7 T

ross the transition magnetic field of 6.5+0.5 T, and the

the R(w) in the energy range below 0.65 eV was extrapolated using’(@) SPectrum changes to a metallic one. This is an example
Hagen-Ruben’s function at 10 and 70 K or the modified Hagen-Of & magnetic-field-induced nonmetal-metal transition under
Ruben’s function at 35, 45, and 50 K for the Kramers-Kronig analy-a high pressure.
sis. See the text for detail. Inset: The effective electron number At O T, the o(w) spectrum drastically changes with tem-

perature because of the magnetic phase transition, as shown

[Nesf(w)] derived fromo(w).
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in Fig. 2. The same spectral transition at the same transitiopf mixing increases and then dominates among these inter-
temperature was observed below @rbt shown. Above 7 actions. The increase of thgf mixing also makes the sim-

T, a different spectral change was observed, in which thgler magnetic phase diagram at 4 GPa.

o(w) spectrum displayed a more typical temperature depen- |, summary, infrared reflection spectroscopy on CeSb at
dence, shown in Fig.(8). This temperature dependence in- oy temperatures, high pressures, and high magnetic fields

dicates that the F phase below 30 K gradually changes to Ras

: : performed. The pseudogap structure was clearly ob-
different phase above 50 K. Since théw) spectrum above : i
50 K is the same as that at 70 K and 0 T, as shown in Fig. 2?erved in the AF-1 phase at 4 GPa, as well as the collapse of

the higher temperature phase must be the P phase. Based gﬁ gap with increasing magnetic field. The pseudogap origi-

this, these results indicate the F phase gradually changes ftes from the magnetic band folding effect. CeSb has the

the P phase with increasing temperature in the magnetic fie[d€Cessary electronic structure to create the pseudogap in the
range above 7 T. AF-1 phase. CeSb in the AF-1 phase is the model system of
The magnetic field-temperatui®, T) phase diagram at 4 the magnetic band folding. This paper indicates an important
GPa resulting from changes in thw) spectrum is shown optical observation of the magnetic field induced nonmetal-
in Fig. 3(d). In the figure, the solid lines and the hatchings metal phase transition at high pressures. The magnetic field—
are the first-order-like and second-order-like spectral transitemperature phase diagram of CeSb at 4 GPa was also deter-
tions, respectively. The temperature and magnetic field remined.
gion of the AF-1A phase expands at 4 GPa in comparison
with that at ambient pressure. This is the plausible result of We would like to thank Dr. Y. Kaneta and Dr. J.
the pf mixing increasing due to the applied pressure. On thedichelschmidt for valuable discussions and also SPring-8
other hand, the phase diagram at 4 GPa becomes simplBL43IR staff members for their technical support. This work
than that at ambient pressure. In particular, the complex magyvas partially supported by a Grant-in-Aid for Young Scien-
netic structure, for example, in AKx=1-6) phases at am- tists (A) (Grant No. 147020)1from MEXT of Japan. The
bient pressuredisappears at 4 GPa. At ambient pressuregxperiments were performed with the approval of the Japan
since thepf mixing competes with other magnetic interac- Synchrotron Radiation Research Institu@roposal Nos.
tions and crystal field splitting, such complex magnetic2003A0076-NS1-np, 2004A0231-NSa-np, and 2004B0545-
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