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The nature of carrier reflection from a normal metal—Peierls conductor interface is clarified by
studying the characteristics of point contacts formed with an intermediate metallic layer
sputtered onto th€010) face of K, qMoO; crystals(injection along the chainsor the (21) face
(injection perpendicular to the chajnsn the Peierls state, for bias voltage¥ smaller

than the Peierls gapp, an excess differential resistance is observed with a local minimum at
V=0. The magnitude of the excess resistance is proportionaf/@’, wherea is the

contact diameter and is the thickness of the metal film. The excess resistance is much higher
for injection along the chains than for injection perpendicular to them. A comparative

analysis of the data for different injection directions indicates that the dominant contribution to
the excess resistance for injection along the chains is from normal reflection of carriers
without changes in the sign of their charge and with a momentum tranpfetdthe condensate
of electron-hole pairs carried away from the interface. 1898 American Institute of
Physics[S1063-776098)01905-2

1. INTRODUCTION with energies greater than the Peierls ggpinto a charge
) I Kk h h ) duced density wave leads to the formation of solitons, whose inter-
It is well known that, as the temperature is reduced, 8, ;s with one another cause the formation and growth of

Peierls tranS|_t|on takes place in quasi-one dlmepsmnal COMYislocations that create a phase slippage between glancing
ductors, leading to the appearance of a superlattice—a chargﬁd fixed charge density waves. Here it was assumed that
density wave or spin density wave, with a period equal to

i i . electrons with energies below, are reflected from the
twice the electron Fermi wavelength of the original metal. . . - .
) o . ) “metal—Peierls conductor interface and do not participate in
This transition is accompanied by a partial or complete di- :
o . o the current conversion.
electrization of the electron spectrum in the vicinity of parts On the other hand. there is a formal analogv between
of the Fermi surface that are combined during the shift by th?D ior] duct d’ duct . tr?y d d
wave vector of the chargespin) density wave. A collective eleris conductors and superconductors, since the condense

conduction mechanism is associated with the motion of aitaZe in_both hIS descrllpetzjl bg an prderlkr:g parameter
charge(spin density wave under the influence of an electric — | A1€xpl¢) whose amplitude determines the energy gap in
field. Many properties of materials with charge and spin denth® Spectrum of single-particle excitations, while the deriva-
sity waves have been studied in detail and these have bedf€ of the phaséwith respect to the time in Peierls conduc-
reviewed by Giuner! However, a number of questions have t0rs and with respect to position in supercondugtésspro-

not been studied, in particular, the physical mechanisms foportional to the contribution of the condensed electrons to
conversion of a normal carrier current into a chatgpin the electric current density. While the condensate in super-

density wave current at a normal metal—Peierls conductogonductors is formed by pairs of electrons with opposite mo-
interface. menta, a charge density wave can be visualized as a conden-

Until recently, processes taking place inside a charg&ate of bound pairs of electrons and holes whose momenta
density wave as it glances between current contacts locatediffer by the magnitude of the wave vector of the charge
on the side surfaces of a ribbon sample of Peierls conductdiensity wave. This similarity leads us to expect an effect at a
have been examined. It can now be regarded as reliably egietal—Peierls conductor interface that is analogous to the
tablished that the current conversion process near contacts 8hdreev reflection effect in superconductdneflection ac-
this type is accompanied by a thermally activated slippage ofompanied by transformation of a normal carrier current into
the phase of a charge density wave propagating a substant@lcharge density wave, at incident electron energies lower
distance away from the contactAt the same time, the than the Peierls gap.
mechanism by which electrons penetrate from the metal into It has been found theoreticall§ that, after being re-
the charge density wave has not been studied in detail untflected, an electron with energy belo, incident on a
recently. Brazovskii assumed that penetration of electronsPeierls conductor from a normal metal moves along the tra-
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jectory of the incident particle, i.e., all three components ofnormal incidencek,=0. In both cases, the reflected signal
the velocity vectov=de/dp change during reflection. The should also be proportional to the emitter area. It has been
difference from Andreev reflection is that the sign of theshowrt! that the reflection coefficient, as for the previous
charge of the reflected particle does not change, and thimechanisnt® should fall off sharply when the energy of the
must cause an additional resistance at a metal—Peierls coimcident particles exceedsp .
ductor interface. The purpose of this paper is to clarify which reflection
The first experiments to search for sub-gap reflection amechanisms operate and under which conditions by varying
metal—Peierls conductor interfaces were done using vathe experimental configuratiofcontact area, metal layer
Kempen’s methoflin a study of point contacts formed with thickness, emitter orientation relative to the sample crystal
an intermediate metal layer sputtered onto the face of a
KosMoO; crystal perpendicular to the chain directfon.
These results are in qualitative agreement with the miédel
assuming the existence of a barrier at the metal—Peierls con- Single crystals of “blue” bronze K;Mo0O; with a trans-
ductor interface analogous to the barrier which arises at @erse cross section of 910" xm? were used as samples in
normal metal—superconductor contadthe reflected signal, this work. The Peierls transition temperaturel
however, was an order of magnitude lower than preditfed. =181—183 K, was determined from the temperature depen-
A recent theoretical paptrexamines the transport prop- dence of the resistance. The threshold electric field for a
erties of metal—Peierls conductor—metal heterostructureglancing charge density wave was determined from the
Unlike the earlier work;® which examined the static reflec- current—voltage characteristic and was 150—500 mV/cm at
tion of an electron at a barrier owing to the Peierls dap T=77 K. The single crystals were provided by the Center
the later work® took into account the movement of the con- for Low-Temperature Resear¢BRTBT-CNRS, Grenoble
densate from the boundary when an incident electron is re- To study the processes taking place at a metal-Peierls
flected. Given that the reflection of a carrier from a metal—-conductor interface we have used an experimental measure-
superconductor interface is not accompanied by a change iment scheme based on the single-contact method for inves-
the sign of the charge of the reflected particle, the transfortigating Andreev reflection in superconductdiBhe physical
mation of the charge in the condensate which occurs duringasis of this method is illustrated in Fig. 1b for the example
Andreev reflection in superconductors does not take placef a superconductor. A thin film of normal metal of thickness
However, electron—hole pairs moving from the interfaced is sputtered onto the superconductor and the characteristics
carry away twice the momentum of an electron incident nor-of a point contact between a normal metal and this fitm
mal to the interface{ 24 kg), which corresponds to the mo- metal-{metal—Peierls conductpheterostructuneare stud-
mentum of a pair in a charge density wave, i.e., during reied. Electrons are injected through a point contact into a solid
flection of this type the momentum transfer is analogous tangle of 2r and undergo reflection at the metal—
charge transport during Andreev reflection in superconductsuperconductor interface. In the case of a ballistic regime,
ors. In other words, a charge—momentum symmetry showd<l, and fora<d (I is the mean free path aral is the
up during reflection from a metal—Peierls conductor interfacediameter of the point contggtonly quasiparticles which un-
without charge transport, while during Andreev transportdergo Andreev reflection will pass back through the point
there is no momentum transfer. It is evident that this refleceontact, producing an excess current, which shows up in the
tion mechanisniwe shall refer to it as the analog of Andreev current—voltage characteristic of the contact as a reduction in
reflection) can be manifested only when the incident electronthe differential resistance. This method has been used suc-
moves along the chains, since the component of the momeweessfully for studying Andreev reflection in traditional
tum along the chains will be less tham for oblique inci-  superconductors**® as well as in high-temperature oxide
dence. As for the experimefipne consequence of this must superconductoté*®
be that the reflected signal depends on the area of the point The geometry of the present experiment is shown in Fig.
contact. la. The current—voltage characteristics and their first deriva-
Another, recently proposed mechanism for thetives were measured for point contacts of a normal metal
reflectiort! includes the possibility of both mirror reflection with an Au—K, s;MoO; heterostructure. Point contacts were
of carriers incident on a metal—Peierls conductor interfacéormed with crystal planes perpendicular and parallel to the
and reflection at an angle determined by the projection of therientation of the chains. A gold coating was deposited by
wave vector of the charge density wa¥g, on a plane per- laser sputtering. The layer thicknesses for the different
pendicular to the direction of the chairii generalQ isnot  samples were 50 and 100 nm, less than or of order the mean
parallel to the chaind. By analogy with the coherent scat- free path in gold af =77 K, which is usually 150—-200 nm
tering of electrons on a crystalline lattice, this type of reflec-for gold films. Electrochemically sharpened thidiameter
tion was referretf to as Bragg reflection from the electron 30—70 um) copper and gold wires were used as normal
crystal. ForQ=(2kg,Q,,0) and a wave vector of an elec- counterelectrodes. The radius of curvature of the needle tips
tron escaping from an emitter with componerkg k,), re-  was less thanAm. A point contact was formed directly at
verse trajectories of the carrier into the emitter can develofow temperature using a precision mechanical motion trans-
for ky+Qy=—ky, i.e., when the angle to the normal ¢  fer systemt® The characteristics of several point contacts
=arcsin-Qy/2keg). In the case of mirror reflection, the con- were measured for each sample. The experiments were done
dition for reverse trajectorie&, = —k,, is satisfied only for atT=77 K and at a temperature aboVg for two orienta-

2. EXPERIMENTAL TECHNIQUE
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FIG. 1. (a) The experimental geometry artd) a diagram

of the possible reflection processes in a single-contact
scheme for measuring Andreev reflection: the continuous
lines represent ordinary mirror reflection and the dashed
line, reflection of the Andreev typéM denotes meta).

\ Superconductor )

tions of the point contact: parallel and perpendicular to theau—Au—K, ;MoO; point contacts atT=77 K for two

chains. samples. The nonlinearity of tHy(V) curves is caused by a
combination of two effects: Joule heating and the reflection
3. EXPERIMENTAL RESULTS of injected carriers from the metal—Peierls conductor inter-

fgce. The latter effect typicaffyhas a minimum inRy at

=0 and maxima aéVy= = Ap. Itis clear from the figure
that these curves are analogous to the curves given in Ref. 8,
low the Peierls transition temperature. Above=183 K,  Put the signal amplitude is greater, while the peaks in the
the current—voltage characteristics of the point contacts arBXCess resistance at=xV, corresponding to the Peierls
symmetric and are ohmic in character with a small rise in th&N€rdy gap are much more distinct for the sample with the
resistance proportional to the square of the voltage. No othdpinner metal layer, which may be a result either of reduced
features were observed at these temperatures for any oriefattering or of the change in the ratiéd. _ .
tations of the point contacts. The results of the measurements 1 N€ Substantial asymmetry of the curves is most likely

Nonlinear features associated with the appearance of
Peierls gap were observed in the characteristics of th
Au—Au-K, sM0oO; point contacts only at temperatures be-

for T<T, are presented below. caused by a distortion in the chemical potential near the
_ _ _ _ metal—Peierls conductor interface, as well as at the metal—
3.1. Orientation of the point contact along the chains semiconductor contactSee Fig. 5 of Ref. 8.A final con-

The physical picture of reflection at a metal—Peierls con<Clusion regarding this question, however, will require addi-
ductor interface may be clarified somewhat by experimentafional data, specifically, on the characteristics of metal—
data on the evolution of the characteristics of thePeierls conductor point contacts.

Au—-Au-K, MoO; point contacts as the diameter of the  For most of theRy(V) curves at high bias voltages,
point contact and the thickness of the metal layer are variedhe curve emerges into a square law dependence for the in-
In fact, since the Andreev-type reflection predicted in Refs. rement in resistance corresponding to Joule heating of the
and 6 must occur for all injection directions through thecontact. Typically the heating is by 1-3 K for the least re-
point contact(we assume that the carrier injection is isotro- Sistive contacts and, given that the linear size of the heat
pic within a solid angle of 2), in the ballistic regime the release region is large compared to the region over which the
experimental variation in the reflected signal amplitudevoltage drops, the heating does not affect the measurement
should not depend on the diametkof the point contact. On  results significantly. In this region, the differential resistance
the other hand, when there is a large contribution from noris determined by the resistance of the metal-metal contact
mal reflection, as predicted in Refs. 10 and 11, the signaRyn(V), as such. Assuming that the increment in the resis-
amplitude should increase as the diameter of the point cortance behaves asRyn(V) < V? (dashed curve in Fig.)2we

tact is increasedi.e., as its resistance is lowejedince the can isolate the excess resistaize- Ryy associated with the
fraction of normally reflected particles then increases agpresence of a Peierls gap in the Peierls conductor and follow
(a/d)2. For a clear manifestation of the effect, the effect ofthe change in the reflected signal amplitude as the contact
scattering has to be minimized, and this can be done bgrea is varied. Figure 3 shows the amplitude of the normal-
reducing the thickness of the normal layer. ized differential resistancA* =A—1, where we have writ-

Figure 2 shows typical plots of the differential resistanceten A=Ry/Ryy, as a function of the voltag¥ for sample
Ry=dV/dl as a function of the voltageV on No. 4 for contacts with different values Bf;\(0). As can be

RJ, Q RJ, Q
561 a 50!’ b FIG. 2. The differential resistancBy=dV/dI
. . as a function of voltage V for
55 49‘L e Au—-Au—K, MoO; point contacts aff =77 K:
| RN \ (@ sample No. 1, d=100 nm, Ry(0)
sab 48 \\\\ o ’ =54.26Q; (b) sample No. 4,d=50 nm,
T R4(0)=48.87Q. The dashed curve shows the
53 47 voltage dependence of the resistance for the in-
~150 _50 50 150 2150 50 50 150 trinsic metal-metal contacRyn(V).

V. mv vV, mV
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A ' ‘ tances and corresponded to a gap ¥,2 2A;,=100 mV.
Second, the reflected signal amplitude is substantially lower

(<1%) than when the point contact is oriented along the

chains for the same metal layer thickness; this made it im-
3 2% possible to determine correctly the effect of changes in the

point contact diameter on the reflected signal.

4. DISCUSSION OF RESULTS

We begin the discussion with the experiments on charge
injection along the chains, i.e., along theaxis. As can be
2 seen from Fig. 3, thé(V)=A*+1 curve typically has a
minimum atV=0 and maxima ate Vo|=Ap . This behavior

can be explained by the presence of carrier reflection, in

principle, caused by any of the mechanisms

consideredt®!%!with a barrier associated with the nonideal
] character of the interface, by analogy with the Tinkham-—

Blonder—Klapwijk model developed for a metal-super-

conductor interface. The fundamental point is that Af®)

curve is a mirror reflection of the corresponding curve for a
0 oo 50 0 30 100 150 metal—supercc')nductor' interface relative to the mel ie.,
v, mv an excess resistance is observed |8V, <Ap. This indi-
o " itude of th ived diff ol resi . cates that the reflected particles do not change their charge
G. 3. The ampliude of the normalized differential resistamt® — gia1a- for example, electrons are reflected as electrons. The
=R4/Ryn—1 as a function of voltag¥ for sample No. 4 at point contacts . .
with Rgy(0)=48.302 (1), 26.70) (2), and 15.8) (3) at T=77 K. The point ~ '0l€ Of thge barrier, as in the case of a metal—superconductor
contacts are oriented along the chains. interface; reduces to lowering the probability of penetration
of the particles into the condensate and, therefore, to sup-
] . ] . pressing interactions of the incident electrons with the con-
seen from the figurefA™ (0) increases as the contact resis-gensate at low voltages. Without a barrier and Ter0, the

tance is raised. FdR4(0)>50 Q, the Peierls gap, defined as A(V) curve should have the step function form

the separation @V, between the peaks in the differential
resistance, did not vary, being equal ta\2=100 meV ACV)— const-1 |V|<Ap/e,
(curve 1). One unusual effect, however, should be noticed: (V)= 1, [V|>Ap/e.

there is a large reduction in the gap as the contact resistance . o
is lowered for contact resistancBs(0)<50 (. A'drop in A(V) for |V|>Ap/e is implied by all the models

considered in the Introductiott1%' The difference lies in
the scale of the effect. According to Refs. 5 and 6, in the
ballistic regime all the trajectories with a length shorter than
the mean free path are reversed, so that the scale of the
Measurements similar to those described above wergmplitudeA* of the excess resistanceA ~ 1. For mecha-
taken atT=77 K with the orientation of the point contact nisms analogous to Andreev reflection, i.e., mirror or Bragg
perpendicular to the chains in th201] direction. Figure 4 reflection, only normal trajectoriedhe analog of Andreev
shows the differential resistan& as a function of the volt- reflection, mirror reflectionor the trajectories at the Bragg
ageV for sample No. 5 §=50 nm) with two different re- angle (Bragg reflection are reversed, so that the amplitude
sistancesRyn(0). The figure shows that these curves are A* should be small, on the scale af/d?; that is,A* must
very similar to the ones described above. There are, howevelbe much smaller than unity, since in the experimentsas
two fundamental differences. First, the position of the peak40-20 A andd~500 A. This estimate fod was obtained
at =V, in the Ry(V) curves did not change for different from the Sharvin formuf® R~ pl/a?, wherep is the resis-
thicknesses of the metal layer and for all point contact resistivity and | is the mean free path. As Fig. 3 implies, the

3.2. Orientation of the point contact perpendicular to the
chains

R, Q R, Q
ir a 33r b
<4]- FIG. 4. The differential resistancde;=dV/dlI
i as a function of voltage V for
- 9} Au-Au-K, ;M0oO; point contacts aff=77 K,
' sample No. 5 withRy,(0)=53.08Q (a) and
33+ H 31.16Q (b). The point contacts are oriented per-
; 3 pendicular to the chains.
-150 -50 50 150 ~-150 -50 50 150

VvV, mV V.mv
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A" (0) =0.25b=3-10° cm™!, and we see that Bragg reflection
. does not produce reversed trajectories gxWoO; because

of the very large projection. .

0.03~ o This analysis, therefore, leaves the possibility of two
mechanisms for reflection of normal carriers during injection
. along the chains, the analog of Andreev reflection or mirror
0.02¢ * reflection, but it is not possible to separate the contributions
from these two mechanisms using only longitudinal mea-
o, surements. The picture can be clarified by comparing data
0.017 . obtained in two injection directions: along the chafparal-

° lel to the b axig and perpendicular to the chairfigerpen-

, o . , . dicular to theb axis in the[ 201] direction. In analyzing the
0 0.08 0.16 0.24 results for transverse injection, we begin by noting two im-
(R, (0", 10" 1-em2 portant points:
First, the Ry, (V) curves have the same shape as the
FIG. 5. 'I;h?lamplitudeA*(O) atT=77K as a functi_on of the parameter Rq (V) curves for largeRy. Here the positions of the peaks
éﬁggéog%gg th(e. Cﬂ;g’g nm, © d=100 nm. The point contacts are ori- in Ry(V) are the same50 mV) as for longitudinal injec-
tion. This indicates that the Peierls gap is isotropic parallel
and transverse to the chains in the plabe24* —c). Until
magnitude of this effect is quite smal~1-3%), which  recently, a result of this sort had been obtained only from
evidently allows us to neglect mechanisms of the type proindirect, averaged measurements of thermally activated con-
posed in Refs. 5 and 6. duction along these direction®.

It should be noted that the amplitudé increases as the Second, during injection perpendicular to the chains
film thicknessd is reduced(Fig. 2). This may be related to there can be no contribution from the mechanism analogous
the reduced influence of scattering for smalferor be the to Andreev reflectiort® since then the longitudinal compo-
result of a dependence of the foraf/d2. To verify this  nent of the momenturfalong the chainsis essentially zero
dependence, experiments with different contact diametersr at least much smaller thag, i.e., momentum cannot be
(different resistancgswere set up. Some of the results aretransferred to the moving condensate during reflection. Thus,
shown in Fig. 3. We note the following: the observed response during this kind of injection can only

(1) As the degree of clamping is increasghde contact be attributed to the Bragg or mirror reflection mechanism.
resistance is reducgdthe picture does not change qualita- Then, as noted previously,the contribution from mirror
tively for Ry(0)>50 Q. The positions of the peaks atV, reflection should dominate because of the large difference
is unchanged and corresponds to a Peierls gap \&f 2 between the effective masses of the carriers in the metal and
=2A,=100 meV, in agreement with optical measurementsn the Peierls conductalin a direction perpendicular to the
and measurements of the thermally activated conductivitghaing.
along theb axis!® On the other hand, the contribution of mirror reflection

(2) For Ry4(0)<50 Q) the value of Ap begins to de- during injection perpendicular to the chains should be no less
crease. We attribute this distortion to nonequilibrium effectshan during injection along the chaifisecause of the lower
caused by strong current injection into the Peierls conductoreffective mass along the chajnslowever, in the experiment
(For more detail, see below. it was found that the signal amplitude during injection along

(3) The reflected signal a¥=0 (under conditions of the chains is systematically roughly a factor of three higher
minimal injection is proportional tea?/d? (Fig. 5). Behavior ~ when the other conditiondilm thickness, contact resistance,
of this sort is implied by two of the models, the analog of etc) are the same(See Figs 3 and 4, for exampleThis
Andreev reflectio and Bragg and mirror reflectiort,but  indicates the presence of an additional contribution beyond
contradicts the model proposed in Refs. 5 and 6. mirror reflection during longitudinal injection, which we at-

In analyzing the possible contribution of Bragg scatter-tribute to a mechanism analogous to Andreev reflection. Be-
ing, it is necessary to keep in mind that the wave vector of asides the estimates given above, this hypothesis is supported,
charge density wave in $gMoQj; has the forrf® first, by a correct orientation for the appearance of this

- * % mechanism, second, by a linear dependence of this contribu-

q=0a"+q,b” +0.5 tion (as of the entire signplon the parametea®/d?, and
(the corresponding lattice parameters aae=16.23 A,  third, by theAp(l) curve at high currents, which indicates
b=7.55A, andc=9.86 A; 3=94.899, whereq, is the that a charge density wave moves in the carrier injection
projection ofq on theb axis, withg,~2ke. The condition  region(see below.
for a reversed trajectory during Bragg reflection givgs
— 2k, (see the Introductignwherek, is the projection of the
wave vector of the incident electron on theaxis. Fork, We now return to examining the results for injection
< kg this means thag, must be less thankZ and, therefore, along the chains at low resistance contd€tg. 4). The fig-
less thary,,, i.e., the conditiorg.<q, must be satisfied. An ure implies that as the contact resistance is lowered, there is
approximate estimate gives=0.5c=5-10° cm ! andq, a noticeable reduction in the Peierls gap, which we define as

Analysis of data for high current injection
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2y, mvV charge density wave so that momentum is transferred to
120 electron—hole pairs in the condensate. In fact, an estimate of
og o the propagation speed of the charge density wave corre-

100 o © “* sponding to the current densiy for normal injection using

o | the simplest formulav=J./ne, wheren is the density of

801 .?o condensed carriers, yields=0.6-10° cm/s, which is close
to the sound speed in this material. But the propagation
60r s speed of the charge density wave obviously cannot exceed

o the sound speed.

40¢ In principle, one can recover the shape of the reflection
" spectra without current suppression of the gap. As can be

20 . . " . L seen from Fig. 3, the depth of the minimum\at 0, which
0 2 4 6 is determined by the potential barrier at the metal—Peierls

Y 2
J,10° Alem conductor interface, changes substantially when the contact

FIG. 6. The voltage ¥, as a function of the current densifythrough a  resistance is reduced. At the same time, there are no reasons
metal-Peierls conductor interface with normal injection of quasiparti®es  for a large spatial variation in the barrier at the sample sur-
glz :g t’;]’:'cﬁaicr’]: 100 nm at T=77 K. The point contacts are oriented faces(and, therefore, from contact to contacthen the re-

' flection spectrum for curv8 of Fig. 3, A% (V), without cur-
rent suppression is obtained by multiplying the amplitude of
the excess resistanég (V) for curve 1 by the normalizing

the distance between the pedk§ = V,), and the reduction factor »=A%(0)/A}(0). Following the same procedure
in the gap set in only for contact resistanc&gy(0) with curve 2, we obtain the spectra shown in Fig. 7, which
<50Q). For Rg>50() the gap Ap,=100 meV did not show clearly that the reflected amplitude would increase no-
vary, which fact is, as noted above, in good agreement withiceably without current suppression, even Y6£ V.

data from optical and thermal activation measurements of the

conductivity.

Lowering the resistance leads to an increase in the cu
rent through the contacts required to attain voltages corre- (1) The contribution of reflected quasiparticles to the
sponding to the gap features. Thus, it is logical to assumeontact resistance is sharply reduced when the energy of the
that one possible reason for the reductionlip as the con- incident particles exceeds the Peierls gap of the charge den-
tact resistance is varied may be suppression of the gap owingty wave, which means that the injected carriers interact
to a higher current density through the metal—Peierls conwith the condensate of the charge density wave.
ductor interface. In our casa=d for all the contacts, where (2) When normal carriers are reflected from a metal—

d is the thickness of the gold film. Given that injection is pejerls conductor interface, their charge state does not
isotropic through a point source, we can estimate the currerdhange, unlike in Andreev reflection at a metal—super-
density through the metal—Peierls conductor interface as conductor interface.
| cof ¢ (3) It has been shown that the barrier effect owing to the
= omd? nonidealness of a metal—-Peierls conductor interface shows
up as a suppression of the gap feature near zero bias voltage

wherel is the total current through the contact ads the  similar to that observed at a metal—superconductor interface.
injection angle. Figure 6 shows a plot of the voltagé,Zit (4) Local measurements show that ip #1005 the gap
will be shown below that this is not equal to the equilibrium is isotropic in thd 010] direction along the chains and in the
value of 2Ap/e) as a function of the parametefd?, which  [201] direction perpendicular to the chains.
is proportional to the current density through the interface,  (5) The existence of an excess resistance during injection

for samples with normal layer thicknessés-50 and 100 erhendicular to the chains in th201] direction is evidence
nm. This dependence has a distinct threshold character, i.&yt mirror reflection from a barrier of height p .

Vy is essentiglly independent dfup a c_ritical value of the (6) A comparison of the measurement data for injection
current den3|ty7througzh the metal—Peierls conductor intery ,nq and perpendicular to the chains shows that during lon-
fac.e,J.C=4.8- 10° Alenr’, at which _there IS a sh_arp drop in gitudinal injection there is reflection involving momentum
Vo; this corresponds to suppression of the Peierls gap. Onganster from the incident particles to the condensate of mov-
can say thal is essentially independent éfup toJ.., after ing pairs in the charge density wayan analog of Andreev
which the gap goes discontinuously to zero. Evidently, inreflectior).

this interpretation, for small contact resistances the voltage (7) The experimental results indicate that the Peierls
Vo corresponds to a nonequilibrium value of the g&8Ss a5 is suppressed by the current for high injection levels

than the equilibrium valué ), since it is measured at cur- along the chains corresponding to a current density
rent densities close to the critical value corresponding to the_c 157 A/cr?.

maximum propagation speed of a charge density wave. It
should be specially noted that this interpretation is possible We thank S. N. Artemenko, S. N. Zaev-Zotov, V. Ya.
only in the case where the injected carriers interact with thé>okrovski, P. Monso, and R. Escudeiro for useful discus-

I5_. CONCLUSIONS
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FIG. 7. The amplitudeyA* (V) for sample No. 4 without current
suppression of the Peierls gap for contacts viRgjy(0)=48.3Q (1),
26.7Q (2), and 15.80) (3) at T=77 K. The point contacts are oriented
along the chains.
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A self-consistent microscopic theory of the relaxation of the crystal-field levels of an impurity

ion in a state with an integer valence implanted in a normal metal is devised. A

microscopic approach based on the Cogblin—Schrieffer—Cooper approach, rather than the formal
model of thesf exchange interaction, makes it possible to take into account the specific

details of both the crystal-field states of the impurity ion and the electronic band spectrum of the
metal. A new method for the soft spectroscopy of electronic states based on measurements

of the temperature dependence of the wiblifhy,,(T) of transitions between the crystal-field states
M) of a paramagnetic ion implanted in the compound being studied is proposed. To make
specific use of this method in neutron and optical spectroscopy, a classification of the types of
temperature dependence of the natural relaxation wjgittir) of the levels is devised,

and procedures for possible experimental methods are proposed. A nonzero value of the natural
relaxation widthyg(T) of the crystal-field ground sta{&) of an impurity ion at zero

temperature is obtained within the proposed self-consistent model, but is beyond the scope of
perturbation theory. It is shown that the widely accepted estimate of the characteristic
temperature of Kondo systeni$ =I"g(T=0)/2 from the quasielastic scattering width at zero
temperaturd ' ¢(T=0)/2 is incorrect in the case of strong relaxation in a system with

soft crystal fields. The proposed model is applied to the quantitative analysis of the relaxation of
the crystal-field levels of paramagnetic®Piions implanted in CeAland LaAk. The

results of the calculations are in quantitative agreement with the experimental datt99&®
American Institute of Physic§S1063-776(98)02005-§

1. INTRODUCTION restricts the set of methods that are applicable to the inves-
tigation of highly correlated systems. For example, the inter-
The methods that have been developed for studying elegretation of photoemission measuremefitecause of the
tronic states in metals(angle-resolved photoemission large energy transfers in the measurement procass data
spectroscopy; quantum oscillations of the magnetic from methods based on de Haas—van Alphen oscillations
susceptibility? conductivity? magnetostrictiof, and elastic  (because of the large magnetic fields, which can destroy the
modulP associated with the de Haas—van Alphen effect; instructure of soft excitationgequires a special investigation
frared spectroscopy; Raman scattering; etc) provide  of the influence of the measurement process on the low-
complementary information regarding the structure of elecenergy properties of the compound being studied. Therefore,
tron spectra. A comparison of the experimental data obtainethe development of new soft spectroscopic methods for
by different methods with the results of band calculations ofhighly correlated electronic systems is an important under-
the electronic structure provides fairly reliable data on thetaking.
properties of the compounds studied. This paper proposes a method for analyzing the elec-
The methods for investigating electronic states can beronic structure based on measurements of the temperature
divided into “hard” and “soft” methods. In the case of hard dependence of the relaxation of crystal-field levels of an im-
spectroscopy, the influence of the measurement process @urity ion which has special properti€éa paramagnetic la-
the system exceeds the scaW¢$ of the characteristic inter- bel) and is implanted in the compound being investigated. A
actions forming the electronic spectrum of the systém similar idea for investigating semiconductor compounds by
Kondo system&V* is of the order of the Kondo temperature an electron paramagnetic resonance technique was proposed
Tk ; in variable-valence system&™* is of the order of the back in Ref. 8. The method discussed in this paper relies on
valence fluctuations Therefore, compounds with strong the technique of measuring the neutron or optical response of
electron correlations, which have low-energy modes in theéhe system and is intended for studying metallic compounds.
spectrum of elementary excitations, can be investigated mo#t spectroscopic procedure employing a paramagnetic label
effectively by soft spectroscopic methods, in which the meacan be divided into two stages. In the first stage highly com-
surement process does not destroy the eigenstates of the spdete information on the energies and wave functions of the
tem being investigated. The conditions imposed on spectrgparamagnetic label P must be obtained. To this end a com-
scopic measurements by the softness of the elementabined study(neutron scattering or Raman scattering mea-
excitations in variable-valence and Kondo systems greatlgurements; magnetic susceptibility and specific heat mea-

1063-7761/98/86(5)/12/$15.00 1008 © 1998 American Institute of Physics
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surements must be made of a reference single crystal of2. SPECIFIC DETAILS OF THE INTERACTION OF CRYSTAL-
P{B} ({B} is the chemical formula without the paramagnetic FIELD STATES WITH CONDUCTION ELECTRONS IN

label). In the second stage small quantities of the A ions in HE COQBLIN-SCHRIEFFER MODEL

the compound\{B} under investigation are replaced by the  The interpretation of the relaxation of a real paramag-
paramagnetic label P. Scrutiny of the temperature deperhetic label in a particular compound requires the formulation
dence of the relaxation of crystal-field levels of the paramagof a problem which takes into account both the specific de-
netic label P in the compound (A,P,){B} can provide tails of the state of the impurity and the features of the elec-
unique information regarding the electronic structure of thetronic structure of the metal. Therefore, tisé exchange
compound under investigation when several conditions arélamiltonian, which is often employed to analyze the relax-
fulfilled. First, the inequalityx<1 is a necessary condition, &tion of crystal-field levels!~°

which allows us to treat the relaxation of the crystal field at R

the paramagnetic label as a purely single-ion effect. Second, #st= > (Fhdwm fun)(chogcp) (1)

it must be shown that the structure of the crystal field of the MM’

paramagnetic label P in (A,P,),{B} does not differ signifi- (whereM andM' are the indices of the crystal-field states,
cantly from the structure of the crystal field in the pure ref-and 8 are the spin indices of the conduction electrahss
erence crystal of PB}. Fulfillment of the second condition the total momentum operator, amddenotes a Pauli matnix
has already been demonstrated for several compounds, i unsuitable for analyzing relaxation in a particular system,
which the main contribution to the formation of the crystal Since it is a purely formal object, which is not related in any

field is made by the nearest neighbors from a formula unit ofV& to the features of the electronic structure of the metal or

{B}, and hence the structures of the crystal fields of the paraI[-0 the real character of the interaction of an impurity with

magnetic label P in B} and (A _,P,),{B} are practically conduction electrons.

identical. Examples of such compounds include FEAR The specific features of the relaxation occurring as a
. 12-14 P 4-16 /s P i ' consequence of the interaction of an impurity with conduc-
RNis, and RN*1¢(R is a rare-earth ion

tion electrons can be taken into account in the

It should be noted that the existing methods for CaICU|at‘approache?§‘25 based on the Schrieffer—Wolff and Cornut—
ing the temperature dependence of the relaxation of crystatzoqplin formalism€®-2¢ A scheme permitting a first-
field states cannot be applied to the analysis of specifigprinciples calculation of the relaxation of a paramagnetic la-
highly correlated systems. Some of the methods employ thbel can be devised within the method proposed in Refs. 22—
formal Hamiltonian, i.e., one which is not related in any way 25. The Anderson Hamiltonian describing an impurityton
to the electronic structure, of ttef modell’~*° Another de-  with onef electron implanted in a metal is represented in the
ficiency of the previously developed methods is the use oform of the sum

nopself—cqnsistgnt secgnd—order perturbation théb’r?f,zo'ﬂ. T= T+ . 2
which is inapplicable in the case of the large relaxation _
widths characteristic of highly correlated systems. Here the first term

The goal of the present work is to devise a self-
consistent theory for the relaxation of crystal-field levels, -70=> €nChkoCokot > Emfufm
which can serve as a tool for studying the electronic structure oo M
of particular, highly correlated electronic systems with U M#M/
strong relaxation broadening. Section 2 presents the deriva- t5 > thtufl fur Q)
tion of a microscopic interaction Hamiltonian, an analysis of MM
the differences between it and the formal Hamiltonian of thedescribes the subsystem of delocalized conduction electrons
sf model, and a discussion of the Cogblin—Schrieffer modelwith consideration of the single-particle potential of the
In Sec. 3 self-consistent equations are obtained for the natgubshell(which is treated as a core stagnd the subsystem
ral relaxation widths of the crystal-field levels, and their in- Of the crystal field of thef subshell in the single-particle

fluence on the cross section for magnetic inelastic neutroROtential created by the conduction electrons. The operator

scattering is analyzed. In Sec. 4 qualitatively different typescﬂkfr (Cocs) describes the creatigannihilatior) of a conduc-

of temperature dependence of the relaxation width are cIas;“ic:ar:j T)lecttk:gnB\l/g)lct; t:‘lgvznefgyek, whose state is character-
sified. The effects associated with departure from the weak- y

relaxation approximation are analyzed in Sec. 5. In Sec. 6 the |6ko)= Ug(r)e kr|o> (4)
conditions which must be satisfied by the paramagnetic Iab%ith the wave vectok, the band indes, and the spin pro-
are finalyzed in detall,.an.d experlmer?tal proc.edures WthléCtion o The operatorf,J(A (f\) describes the creatiofn-
provide the most easily interpreted information are Préihilation) of the crystal-field statgM) with the energyEy .
sented. The results of measurements of the relaxation widthghe wave functionsM) of the states of arfi electron trans-
of the crystal-field states of the paramagnetic lab& mn  form in accordance with the irreducible representatignof
the compounds LaAland CeA} are considered in Sec. 7. the point group of the site of the rare-earth impurity ion
The conclusions are presented in Sec. 8. Gimp-
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Jlmp I "
~ k'M ’
IMy=_ 3 AM, |m). (5) Ho= 2 Tafur 2 2 2 044" (MM)
M=—Jimp wimp MM’ M"M" Kk’ 96’
T
Here the|m) are spherical harmonics, which describe the X CormrCork M (11)

projectionsm of the total angular momentum of the impurity where
Jimp,» @ndU is the on-site Coulomb repulsion constant.

For a microscopic calculation procedure we must repre- ®Zk',(\,,,',\" (M,M")=2>, > (6ka|okM")
sent the many-patrticle interaction of the localized and delo- kk" oo -
calized subsystems in terms of the nomenclature for the band X(OK'M" 0K 0" ) Iy - (12)

states of conduction electrons, rather than in the approxima_l;h | - hich is i d h f
tion of symmetrized partial wavé$:® In this nomenclature H € onﬁ/ restriction whick |sh|mpos§_ ; onr: © ﬁymmetry 0
the interaction Hamiltonian the exchange interaction is the condition that the interaction

(12) have the symmetry of the point group of the impurity
‘ Mot site3! Generally speaking, the seed basis of crystal-field

T = WEM Vot mCaks T H.C. (6)  states{|M)} obtained with consideration of only the single-
7 particle crystal potential is not diagonal when the perturba-

describes the mixing of the localized stgtd) with the  tion (11) is taken into account. In low-symmetry systems this

Bloch wave| 6ko’), and the hybridization parameter perturbation can mix seed states of the crystal-field Fasis.
" Therefore, in the general case the relation
Vo= OKa|Vmix(r)|M 7 K'M" 1 MM’
ok = (0K |Vmis(1)[M) @ OO M (MM =3 Sy S (13

can be calculated by a band-calculation procedure. In thevhich reduces the exchange Hamiltonian to the standard
case of an impurity state with a nearly integer valeftbe = Coqgblin—Schrieffer expression in the partial-wave represen-
hybridization scalgV% | is considerably smaller than the tation

distance from th&,, andE,,+ U levels to the Fermi energy A

€r), the Cogblin—Schrieffer transformatiéh?’ which elimi- Te= 2 Thfw 2 J'(\;Ak',vlg'kfcsz’Ca’k’M : (14
nates the first order with respect to the hybridization from the MM’ ki 00’ . -
Hamiltonian, is applicable. As a result, the interaction of the'S an z_irtefact of the_ simplifying agsumptl_on f[hat the mixing
localized and delocalized subsystems is described by elastﬁfj’tem'aI has spherical symmetry in the vicinity of the impu-

and inelastic scattering processes of the conduction electroﬁgy.' Nevertheles;, even in the simplest approximation, in
on localized crystal-field states of the impurity: which the band indexd and the dependence on the wave

numberk are neglectedi.e., the band system of the conduc-
, tion electrons is replaced by an effective density of sjates
o MM . o
Hex= 2, ; 2 T oo TfmChaCokror- 8 the approximate Hamiltonian
MM’ CA S
To= > 1Mt fich cn, (15)
MM’
b\)(/hic:h faithfully takes into account the principal features of
the symmetry of the states of the delocalized electrons, dif-
fers significantly from the forma$f exchange Hamiltonian

The interaction constants of the effective Hamiltonian are
expressed in terms of quantities which can be determined
band-calculation methodé:%°

. Vike(Vinog)* [ 1 1 hen the relaxation width is calculated, tibexch
= I _ (1).W en the relaxation width is calculated, theexchange
ko 07k 2 €x—Em  €gw—En Hamiltonian(1) induces only transitions with a change in the

9 projection of the total angular momentum of the impurity by

Although the nomenclature of the band states of conducElnity or without any change in its projection. The relative

tion electrons is adequate in cases where the problem is \ﬁlues of the matrix elements specifying the transitions
, .
first-principles calculation of the parameters, the nomenclaL )—IM) do not depend on the features of the electronic

ture of symmetrized partial waves, which permits the use of " < .
y P P Pauli matrices and the structure of the wave functidn$ of

symmetry arguments, is more convenient for qualitative . " .
analysis. As a result of the standard transformation into théhe Iocallze_d St?‘tes- Conversely, all the quantities appearing
representationgk M) of the partial waved:28 in the .Hamlltomgn(ll) can be calculated for a specific im- .
purity in a specific crystal, and the parameters of the approxi-
: . mate Hamiltoniar{15) are obtained by averagin@l). Thus,
Cho= 2 (OKa|OKM")Cyyppr (100 in the general case the Hamiltoni&tb) has nonzero matrix

kM” elements for the transition between any local stétés and

(herec!,,, is the annihilation operator of a conduction elec-IM"), and the relations between the different matrix ele-
tron in the state centered on the impurity ion with the wavements!™¥" are determined by the localized states of both
numberk, the total angular momentud,,, and the angular the crystal field of the impurity and the band structure of the
dependence described by the irreducible representatiotPnduction electrons. B

Y ), the Hamiltonian of the exchange interaction can be  The calculation of the averaged parametét¥’ can be
represented in the form performed by the methods described in Refs. 22-25 and is
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beyond the scope of the present work. In this paper we wisfihe on-site susceptibility, which determines the magnetic
to analyze which features of the temperature dependence akutron response of an impurity center, is expreSsed
the relaxation widths of the crystal-field levels can be ob-terms of the retarded Green’s function
served for various relations between the symmetrized ex-

d X5 (1) =~ (T (D (DTH0)1(0),

change constantd’™’ of the Hamiltonian(15).
whose analytic continuation onto real frequencies has the
following form:

3. RELAXATION WIDTHS OF CRYSTAL-FIELD LEVELS AND OR )= (o2 [ d€ R
THEIR INFLUENCE ON THE WIDTHS OF THE PEAKS xit ()==104*| S—tanf o |[Im Z7(e)
FOR NEUTRON TRANSITIONS

o , _ y X CR e+ Q)+Im LRe) N e—Q)] (2D
The relaxation widthl';; associated with the transition

liy—|f) is determined by the natural widths andy; of the ~ (here®;; is a matrix element, which depends on the wave
initial |i) and final|f) states. It should be noted that the functions of the initial and final crystal-field states and deter-
natural widths are determined not only by the mutual relaxmines the intensity of the neutron scattering pe&epre-
ation processes of the initial and final stafes—|f), but  senting the resonant part of the susceptibifty(Q2) at
also by the processé —|M) (|f)—|M)), which are asso- ~Ay; in the form
ciated with the interaction of the initidfinal) states with all

I

0

the other crystal-field statg$M)}. In this case the natural X (Q)= QA FT. (22)
width of the initial (final) state is determined by the set of fi 1L
parametergl™? ({I™}) of the Hamiltonian(15). whereE g is the residue at the respective polee can obtain

Let us consider the process responsible for the inelastihe dependence dfj; on the corresponding natural damp-
neutron transitioni)— |f) from the initial statdi) with the ~ ings of the pseudofermion Green’s functions. In the limit
energyE; to the final state with the enerdg=E;+ A . We  7i,1<Ay; o y¢;<T the relation between the relaxation con-
introduce the Matsubara Green’s functions describing th&tantl'j; extracted from the results of magnetic inelastic neu-
crystal-field states of the impurity centgrand the Green’s tron scattering experiments and the natural damping of the
functions of similar nature for Abrikosov pseudofermidiis, pseudofermion Green's functions acquires a simple form:

= (T m(D ] (0), (16) Uit=v(0=E) + y((0=Ey). (23

Thus, in the cases which are most interesting for a reli-
able experimental analysigvhere the width of the inelastic
transition is smaller than its energthe problem of deter-

which have the following forms in the zeroth approximation
(i.e., in the absence of relaxation

CO=(w—E+u) 1 (17 mining the temperature dependence of the willth of a
)y . transition reduces to a calculation of the natural widths of the
O=(l0—E—Aq+p) (18)  initial and final states.

Let us consider the influence of conduction electrons on
pseudofermions, and in the final formulas it must be assume@e ngtural width Of. crystal-field states in the' Cornut.—
ogblin model. For this purpose we use the effective Hamil-

that p.— = ). tonian (15) obtained in th di ti the int
The retarded Green'’s functions, which specify the spec—_on'an( )_ obtained In the preceding section as the Interac-
on Hamiltonian. The natural widths are calculated by

tral response of the system, can be obtained using the an : . -

lytic continuation of the Matsubara Green’s functions fromsta_ndard Feynman-dle_lgram tech_n lques at f|_n|te temperatur_es.

the upper semiaxis onto the entire complex planesoPas- This allows us to partially sum diagram series and to obtain
& closed system of self-consistent equations. The departure

sage to the retarded Green’s functions in the zeroth—ord]c turbation th is critical in th  fairly st
Green’s functions requires the replacemiett— w+i4d. The rom perturbation theory 1 critica’ in the case otairly strong
elaxation, since the natural widthy(wo=E)) of each

interactions of the crystal-field states with other subsystemg

of elementary excitations of the crystal lead to renormaliza-(:rySt"’ll'f'md statgM) depends on the relaxation widths of

tion of the crystal-field energy and to the appearance of %he entire system of crystal-field levels and must, therefore,

frequency-dependent imaginary part in the denominator o e found self-consistently. To illustrate this point, we con-

the Green’s function. The renormalizations of the crystal-Slder the interaction between the staft) and|M’) with

field splittings can be included in the definition of the the energiesty and By =Ey+Ay/y, respectively. The

Green’s functiong17) and (18) and will not be considered ;lmplest diagram which leads to relaxation of the crystal-
further. Let us next concentrate our attention on the temper:{'—eth G 's functi fih ducti lect
ture dependence of the relaxation width and take into act© the Lreens function of the conduction electron
count that the retarded Green'’s functions of the crystal-field  G(r,r)= —<T7qr§(r,7)qu(o,o)>, E=M,M’ (24
levels can be written in the pole approximation in the form

(in the notation adopted is the chemical potential of the

(we neglect the difference between the Green'’s functions of
CRw)=[w—Ei+pu+iy(w)] (199  the conduction electrons for differeht). The diagrams cor-

R _ . responding to the vertex corrections can be classified in the
Ii(w)=[o—E—Aj+utiy(w)] (200 following manner. The first are parquet diagrams, which are
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R a c FIG. 1. Feynman diagrams: a—simple diagram
- T describing the shift and damping of a crystal-
1‘, ‘&__, field level (dashed line—conduction electron

- L Green'’s function, solid line—crystal-field excita-
Bt S tions); b—conduction electron polarization op-

erator, which describes the electromagnetic in-
teraction between crystal-field excitations; c—

d
o ~, “\ \ eigenenergy part of the crystal-field excitations
ST = A L = A + ) + ... with consideration of the vertex renormaliza-
Tt A s ,/ tion; d—skeletal diagrams for vertex correc-

tions.

similar to the Abrikosov diagrams considered in the analysis  In the integrals(26) we perform the replacement+ u

of the Kondo effect in Ref. 33. Consideration of the contri- =, corresponding to the displacement of the energy refer-
bution from the first nonvanishing term leads to the appearence point. Allowingu to tend to— o, we neglect the Fermi
ance of an interaction in the channel'y_y'  function on the right-hand side. This replacement has a
~(If,|M,/W)In(W/AMM,) and to the correctionsﬁfﬁi\ﬂ), simple physical meaning: the singularities of the functiGns
~(IfAM,/W2)In2(W/AMM,) (W is the width of the conduction are determined by a far larger energy scale, and, therefore,