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Optical investigations of the heavy-fermion superconductor UN;AI 5
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The optical properties of the heavy-fermion superconductor,l8Nj have been investigated at temperatures
between 10 and 300 K using reflectance spectroscopy. A characteristic energywsca@0(cm 1), with
almost the same value as the coherence temper@iysrd 00 K derived from measurements of the dc resis-
tivity and susceptibility, is obtained from the optical conductivity. At high temperatufesT), this scale
represents the energy gap between the ground and excited level that results from the crystal-field splitting of
the 52 (J=4) level of the tetravalent uranium ion. In the low-temperature coherent redisiT(), a narrow,
Drude-like, quasiparticle absorption mode develops. This mode is described using a frequency-dependent
scattering ratd’ () and mass enhancement faciqiw). This free-carrier mode may originate from a hybrid-
ization between the @B conduction band of nickel and thef Bands of uranium. Parameters such as the
renormalized scattering ratg® and plasma frequencyp of the quasiparticle mode, as well as the quasipar-
ticle bandwidthw at 10 K are derived using the model developed by Millis and Lee.

Heavy-fermion materials, especially those that exhibit thestudied by reflectance and absorption measurements. Bonn
coexistence of antiferromagnetic ordering and superconduct all® measured the temperature dependence of the reflec-
tivity at low temperatures, e.g., URBi, (Ref. 1) and tance of URyYSi, in the far-infrared region, finding a spin-
UPt; (Ref. 2, have aroused a lot of interest among bothdensity-waveSDW) gap at the Fermi surface beloly, and
experimentalists and theorists. In these materials there is usd-narrow Drude-like mode developing in the coherent region.
ally a characteristic temperatur€,, above which spin- A similar mode was found in UEtll'lz This mode is de-
disorder scattering of the conduction electrons causes thgcribed within a generalized Drude formula by a frequency-
temperature coefficient of the dc resistivity to be negativegependent scattering rate and renormalized effective fass.
below T, the scattering is frozen out, resulting in a sharp Recently, two new heavy-fermion superconductors,
reduction in resistivity. The temperature dependence of the yni LAl ; and UPGAI 5, have been discoveré#5Both un-
magnetic susceptibility has a broad peak neathat can be  gerqq antiferromagnetic as well as superconducting phase

explained by crystal-field splittingMoreover, susceptibility transition at low temperatures, wiff,=4.6 and 14 K and
suggests that thefGmoments of the U ions are localized at T=1 and 2 K respectivel;} The crystal structure of
C ’ .

high temperatures and somehow become delocalized qulNi Al, is of the hexagonal PriAl, material (space
i i7ati i 2Al3 3
T<T,. This delocalization has been explained as due to theroupP6/mmn) Wwith a=5.024 A ande=4.018 A and there

Kondo effect of the 5 spins being compensated by the spinsg ; lonaitudinal spin densi ith I
of the conduction electrorsThe trouble with this explana- exists a longitudinal spin density wave with a very sma

tion, as noted by Millis and Le&js that there are not enough °rdered mgmenpordf—vo.24#5 in the hexagonal basal plane
conduction electrons within the range ®f of the Fermi below Ty .*" An optical reerptance measurement has been
surface, wherd is the Kondo temperature, to compensatePerformed on polycrystaline UB@l;, and a zero-
the spins of the ion. Other authors believe that the orbitaffequency narrow resonance at low temperatures was
moment of the ion is so large in these compounds that ifound?
results in an almost compensated Brbital and spin The single crystal of UNJAI 3 used in this measurement
moment’ The large electronic specific-heat coefficiept, was grown at McMaster using the growth process described
e.g., 7e=422 mJ/molk? for UPt;,® suggests an enhance- previously*’ The crystal quality was characterized using
ment of the effective mass of the quasiparticles resultingreutron scattering. There are no impurity phases detected.
from the many-body effects of thé conduction electrons The a-c plane dc resistivity was measured using a four-probe
and thef electrons of U. Attempts to determine the theoreti-technique. The dc susceptibility was measured by Schroder
cal ground state which accounts for all these unusual anet all” on a second crystal that was used for neutron scat-
unique properties of the heavy-fermion materials have beetering measurement. Both measurements yield results that
made®® are similar to those reported previoufyAt high tempera-
Optical reflectance spectroscopy is a very useful techtures (T>150 K) the resistivity, which is attributed to spin-
nique in the study of these materials because it can probe thiisorder scattering, saturates, whereas the susceptibility is
electronic excitation spectra of the heavy quasiparticles. Theharacteristic of the localized ®lectrons of U. A sharp drop
optical properties of the heavy-fermion materials have beein the resistivity below 100 K is accompanied by a broad
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FIG. 1. (a) The polarized reflectance spectra of YAi ; along FIG. 2. (&) The real part of thea-axis optical conductivity of

the a axis at 300, 100, and 10 K in the whole measured frequencyJNi,Al 3 at 300, 100, and 10 K. The conductivity can be fit to a
region.(b) The far-infrared reflectance of U 5 at 300, 100, and Drude term and four Lorentz oscillators with the fitting parameters
10 K. Note that the magnitude &(w) decreases with decreasing being listed in Table I.(b) The far-infrared conductivity of
temperature at high frequencies, while the opposite behavior is odJNi,Al 3 at 300, 100, and 10 K. The values of the dc conductivity
served at low frequencies below 100 K. The crossover between thef UNi,Al ; at 300 K (squarg, 100 K (triangle), and 10 K(solid
300 and 10 K data occurs at100 cm !, whereas the crossover squar¢ as well as a characteristic frequency scadg (=90
between 100 and 10 K data occurs~at50 cm L. cm™ 1) are indicated. Note that the conductivity declines for fre-
gquency beloww, towards its dc value at 300 and 100 K, whereas a

peak in the susceptibility. This behavior reflects the freezingnarrow Drude-like peak develops far<w, in the 10 K data,

out of the spin-disorder scattering. Thus, from these two ex-
periments, the characteristic temperatiig that separates and 10 K. The temperature dependence of the far-infrared
the spin-disorder from the coherent scattering regions is deeflectance is shown in Fig.(H). Its magnitude decreases
duced to be approximately 100 K. with decreasing temperature at higher frequencies, but this
To prepare a UNJAI ; sample suitable for optical mea- behavior changes at lower frequencies below 100 K. The
surements, the single crystal was cut parallel taitsplane  crossover occurs at 100 cm ! between the 300 and 10 K
using a spark cutter and was successively polished using thiata and at~ 150 cm ! between the 100 and 10 K data.
No. 600 diamond grit paper, No. 4000 waterproof siliconThis is typical behavior for the heavy-fermion materiz?
carbide paper, Jum diamond paste, and finally colloidal Note the non-Drude behavior of the reflectance at low fre-
alumina solution(0.05 um Al,O5 powder suspended in wa- quencies for the 300 and 100 K data. This results in the
ter). The temperature dependence of the polarized reflectanesusual optical conductivity described below.
of the UNi,Al 5 single crystal has been measured from 30 to The real part of the dielectric functiofn (w) and the real
8000 cm ! for temperatures between 10 and 300 K using gart of the optical conductivityr;(w) are obtained from
Michelson interferometer. The temperature-dependent refled<ramers-Kronig analysis. To perform this transformation one
tance between 8000 and 44 000 chwas measured at Uni- needs to extrapolate the reflectance at both low and high
versity of Florid using a grating spectrometer. The details ofrequencies. The Hagen-Rubens relation is used as an ex-
the experimental techniques employed in this work havdrapolation to low frequencies. The results in the experimen-
been described by Homes al® We found that the anisot- tal data region do not depend on a specific low-frequency
ropy of the reflectance between theand ¢ axes is very extrapolation used. Between 40 000 and &t ! a power
small. The results presented here are fordhaxis only. law of w2 and, beyond this frequency range, a free-
Figure Xa) shows the reflectance of UMAI 5 at 300, 100, electron-like behaviow~* are used. Figure(d) displays the
and 10 K. Generally speaking, the behavior of the reflectanceeal part of the optical conductivity of UNAI 5 in the whole
is metallic, decreasing with increasing frequency. The roomfrequency range at 300, 100, and 10 K. We discuss first the
temperature reflectance at high frequencies is similar to thdar-infrared conductivity. Figure (B) shows the far-infrared
of UPd,Al ; and has a bump around 3000 chthat also  conductivity at 300, 100, and 10 K together with the corre-
appears at low temperaturfsThe overall reflectance at high sponding values for the dc conductivity. It is noted that the
frequencies decreases with decreasing temperature from 3@@trapolation of the optical conductivity towards zero
to 100 K and has little temperature dependence between 1Gfequency agrees with the measured dc conductivity. In all
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3000 —————— T<Ty.* The value of this crystal-field gap coincides with
- . . the peak of the conductivity at 300 and 100 K, as shown in
2000~ (@) UNi AL Fig. 2(b). The large negative values @f(w) in the low-
1000} a-axis - frequency region at 10 K is in accordance with the narrow
- 1 Drude-like mode shown in the 10 K conductivity spectrum.
- 0_ == ] Millis and Lee have proposed a theoretical model based
© 1000f /." - on the low-temperature Anderson-lattice Hamiltonian
2000k / 300K 1 to explain the frequency- and temperature-dependent
Ly o 100K ] conductivity® In this model the total conductivity consists of
_3000_:y —— 10K = two components, one describing the impurity scattering and
4000k i the other describing boson fluctuations. The conductivity for
120000 the impurity scattering part is
10000 - o (0)= (wp)?y* @
. ()= 35— =77,
_ a0 h 4nlw?+(v*)7]
= ] where the renormalized scattering rate’ =(m,/m*)I’
s} 6000 ] (my,, m*, andI" are the band mass, the renormalized mass,
0™ 4000 _ and the static scattering rate of the conduction electrons, re-
_ spectively and the renormalized plasma frequency
2000 - (wh)?=4mn.e?/m* (n, is the total free carrier densjtyln
' this model there is a characteristic frequensy (w.=90
% 200 400 600 cm~1 for UNi,Al 5) above whicho;(w) dies away, causing
ocm™) the conductivity to become independent of frequency at a

o _ _ value of o,,. This saturation conductivityr,, is equal to
FIG. 3. (&) The real part of thea-axis dlelectrlc.functlon of  n.e?/(m,W) whereW is the quasiparticle bandwidth. Figure
UNizAl 5 at 300, 100, and 10 K. At low frequencieg(w) de-  3(h) shows the fit to the 10 K far-infrared conductivity using

creases sharply at 10 K due to the narrow Drude-like peak in the 1¢ha formulac(w) = o, () + oy [ere, we fito(w) up to 200
K conductivity spectrum, but increases to positive values at 300 anem—l]_ The pararl‘neters mObtainéd from this fit are

100 K from the interband transition shown i (w) as a peak w’,-f.=3400 omr L (~0.42 eV}, 7i*225 emt (~3.1 meV),

aroundw, . This transition is due to the crystal-field splitting of the _ 1 g -
tetravalent 5% (J=4) level of uranium.(b) The solid line is the and 0, =3800 (1" cm = The dc conductivity, deduced

experimental optical conductivity data of UMl ; at 10 K. The from the parameters O_fw* , 7? , and o, is 11300
dashed line results from a fit up to 200 chusing the frequency- ' cm* roughly consistent with the measured value of
dependent termo;(w), as shown in Eq.(1), together with a 10 00002~ ! cm™1. As a check on these parameters, one can
frequency-independent term, . estimate the value aby from the superconducting proper-
ties using the London-penetration-depth formula in the im-
pure limit (é<<\),??
three spectra, there exists a characteristic frequengy
=90 cm™ ! which divides the conductivity spectrum into two E\Y2 ¢ g\
different regions. Fow> w. the conductivity increases with )‘P:)‘L(T) (T) ' @
decreasing frequency, as is typical for metals, and its magni-
tude is reduced as the temperature is lowered. Bedphe  where ¢ and| are the coherence length and the mean free
conductivity begins to decline to the dc conductivity value path, respectively. Using the measured values=0470 A,
for the 300 and 100 K data, but rises very rapidly to the dct=240 A, and\p=3300 A for UNi,Al ;,%° one obtains
value at 10 K. Note that the characteristic frequency and the} =3400 cm !, in fair agreement with the value that we
characteristic temperatuiig,, deduced from the dc resistiv- have obtained in this work.
ity and susceptibility, are comparable energies. The development of the narrow Drude-like mode seen in
To see the far-infrared optical behavior more clearly thethe 10 K data is quite common among the heavy-fermion
real part of the frequency-dependent dielectric functionmaterials in the coherent regidthe region where the spin-
€1(w) of UNi,Al 5 is shown in Fig. 8). At high frequencies  disorder scattering is frozen odt1%°It is known that the
€,(w) is negative at all temperatures. Belewl00 cm *the  anomalous properties of the heavy-fermion materials are de-
dielectric function rises dramatically to positive values fortermined by the behavior of the quasiparticles that result
the 300 and 100 K curves, but drops sharply at the samffom the hybridization between thé conduction electrons
frequency at 10 K. We attribute the positive low-frequencyand the localized electrons of U as the temperature is re-
€,(w) at high temperatures to an interband transition. Reduced into the coherent regiéh.The Drude-like mode is
cently, Steglichet al?° fit the specific heat to a model that governed by the behavior of the quasiparticles, i.e., a large
includes a single-site Kondo effecs€1/2, Tc=48 K)and mass and a dramatically reduced scattering at the Fermi
a crystal-field splitting of 125 K 90 cm™!) between the level. In studying the optical properties of CrSb, MnSb,
doublet of the ground state and the singlet of the first excitedNiSb, and NiAs, Allen and Mikkelsen used a generalized
state. Also, a gap of-81 cm™ %, which is attributed to the Drude formula to get the frequency-dependent scattering rate
crystal-field splitting, shows up in the tunneling spectrum forl’(w) and renormalization factok(w) of these materials.

"%
wp
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interband transition in the 300 and 100 K data. In contrast, at

00T T T T T T T = -
- (a) 300K 10 K, I'(w) drops sharply below 150 cit towards its dc
S 100K 7] value. Such a drop has been seen in other heavy-fermion
4000 UNLAL e 10K ] materials'1*19The renormalization factok (») drops off
‘TE 3000‘_ a-axis ] below 100 cm ! and bec_omes negativg at lower frequt_a_ncies.
o L =l This unphysical result is due to the interband transition at
— A mTLTEE e

2000—M 300 and 100 K. In contrash (w) turns up to its high dc
7 value at 10 K.

100 ) . . .
f The static scattering rate of UblI 5 for T=T, is quite
% '1(')0'2(')0'3(')0'4(')0'5(')0'6('30'700 large due to the spin-@isorder sgattering o.f the cgnduction
Qg electrons.I'(w) dramatically declines with increasing fre-

o} (b) N quency untilow~w¢, after which it slightly increases with

- . frequency. FoIT<T,, I'(w) increases with frequency to its

oF 300K ] saturated value neav.. The narrowing of the Drude-like

P 1(1)3E 7] mode found in the 10 K data is due to a small value of
o~ - I'(w) and a further reduction by a factpt + A (w)] L.

o P ] The quasiparticle bandwidtt is ~2400 cm ! (~0.30
_10:_F 7 eV) deduced from the relationr,,=n.e? (m,W). Using the

s . relation m,/m* ~ T, /W,® where Ty is the Kondo tempera-
205 '1c|)o'2(|)o'3(|)o'4(|)0'5<')o'ecl>o'7oo ture, we getT,~72 K in comparison withT =48 K from
olem™) the fit to the specific heat resdh.As Lee et al. pointed

out?® the quasiparticle band results from thévands being

FIG. 4. (8 The frequency-dependent scattering rate ofmoved up to the fermion level and, then, being narrowed by
UNi,Al; at 300, 100, and 10 K. The values B6{0) at 300 and 10 the hybridization with thed conduction band.
K are represented by the solid circle and square on the left vertical \We now discuss the high-frequency conductivity. As
axis, respegtively.(b) The frequency-dependent renormalization gshown in Fig. 2a), the overall conductivity at high frequen-
factor of UNi;Al 3 at 300, 100, and 10 K. The value b{0) at 10 ¢iag decreases with decreasing temperature. We fit the con-
K'is given by the solid square on the left vertical axis. ductivity spectra at 300, 100, and 10 K to a Drude term and
four Lorentz oscillators. The parameters of the Drude term at
300 and 10 K have been given above, and for the 100 K case,
we assume that the plasma frequency is the same as the one

scheme was used in analyzing the conductivity data oft 300 K and determine the scattering rate using the values of
UPts,URU,Si,, and UNi,Si, materials as well as the the dcconductivity €20000Q ! cm™1) and the plasma fre-
mixed-valence compound CePt%192%Here, we use the duency. The fitting results are listed in Table I. The lowest-
same formalism to geF (w) and A(w) for UNi,Al; . To  frequency Lorentz mode corresponds to the interband transi-
calculate the absolute values of both quantities one must fir§ton between the ground and the first excited level that is due
determine the value of the bare p|asma frequenw’ We to the CryStaI-erld Spllttlng mentioned before. Interestlngly,
estimate wp= 23400 cm ! (~2.9 eV) using the static We find that this mode still exists at 10 K with the position

value ofm*/m(=48) (Ref. 20 and the relationvp/w} (10 shifting to a slightly lower frequency though the narrow
K)=(m*/m¢) Y2 assuming that the band masg=m, and Drude-like coherent mode is the dominant one in far infrared
the free carrier densitg, does not change with temperature. at this temperature. Three absorption peaks appear in the
Using the relationn?=4n.e?/m,, a free carrier density of high-frequency region at all temperatures: One is around
ne=6.1x 10?* cm~? is obtained for UN)AI 5. This value is 2700 cm* while the other two are above 10 000 ¢rh Al
less tham,=1.09x??> cm~2 obtained for UPgAI 3_15 are attributed to interband transitions. Similar high-frequency
Figures 4a) and 4b) show, respectively, the frequency- absorption peaks have been also found in WRd.*°
dependent scattering ral&(w) and renormalization factor In conclusion, we have investigated the temperature de-
N\ (w) of UNiAl 5 at 300, 100, and 10 K. We use the fitting pendence of the optical constants of YNI 5 using reflec-
parametery* (10 K) obtained previously and the static value tance spectroscopy. A characteristic frequency saale
m*/me(=48) obtained from the specific heat measuremeni(=90 cm™1), which is comparable to the characteristic tem-
by Steglichet al?°to getI'(0)=[1+\(0)]y* (10 K)=1200 peratureT, (=100 K) deduced from dc resistivity and sus-
cm~!at 10 K. The values of (0) and\ (0) are indicated in  ceptibility measurements, is found in the optical conductivity
the figures as solid squares. The valuel'dD) at 300 K, spectra. At high temperature3£T,) this scale represents
roughly estimated as-5700 cmi !, is also shown in Fig. the peak position of the interband transition due to the
4(a) as the solid circle using the values of the plasma frecrystal-field splitting of the tetravalentf (J=4) level of
quency @p=23400cm ) and the dc conductivity1600  uranium. A narrow Drude-like quasiparticle absorption mode
Q1 cm1). The scattering rate gently decreases with dedevelops beloww, at low temperatures on account of the
creasing frequency and the magnitude increases as the teimybridization between thed3conduction band of nickel and
perature is reduced at high frequencies. Interestifig{y) the 5 bands of uranium. Using the Millis-Lee modelye
turns up near 100 cm' towards the high dc value due to the are able to obtain the renormalized scattering rgte=25

The mass enhancememh*/m,=1+\(w).* The same
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TABLE I. The parameters used to fit the polarized optical conductiritfw) of UNi,Al ; along thea
axis at 300, 100, and 10 Kyp and wB are the scattering rate and plasma frequency of the Drude part and

w;i, v, andwp are the center position, width, and strength of itte Lorentz oscillator. All units are in
1

cm .
Mode T (K)

300 100 10
Yo 5700 4550 25.30
B 23370 23370 3373
o, 124.8 106.6 94.43
1 750.5 444.3 797.4
wp 14 150 8735 13422
w, 2636 2842 2672
Y2 3320 4649 5270
w? 28 260 29983 34 745
w3 13520 13613 13 468
Y3 23220 22 547 19 494
wd 49 670 47 415 40 565
w4 36 390 38570 38 637
Y4 42 380 50 585 57 106
wp 80 980 87 428 92839

cm~! and the renormalized plasma frequeney=3400  discussions and R. A. Duncan and G. Hewitson for technical

cm~ 1 for this narrow mode at 10 K. The quasiparticle band-SUPPOrt. V(\jlorlé at_McM_asteeras funf:jedcby th.? Na;turCe:\I SC('j'
idth is al timated to be 0.30 eV. ence an ngineering Researc ouncil 0 anada

w IS also estimated 1o € (NSERQ. Work at UF was supported by the National Sci-
We would like to acknowledge B. D. Gaulin for valuable ence Foundation through Grant No. DMR9401676.
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