PHYSICAL REVIEW B 66, 174510 (2002

Magnetic-field dependence of electronic specific heat in PgCe, 1:CuO,
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The specific heat of electron-doped, Re, 1:Cu0, single crystals is reported for the temperature range
2—-7 K and magnetic field range 0—10 T. A nonlinear magnetic-field dependence is observed for the field range
0-2 T. Our data support a model with lines of nodes in the gap function of these superconductors. Theoretical
calculations of the electronic specific heat for didywave, cleard-wave, ands-wave symmetries are com-
pared to our data.

DOI: 10.1103/PhysRevB.66.174510 PACS nuniber74.25.Bt, 74.20.Rp, 74.25.3b

The order parameteigap symmetry of hight. cuprate  that depends on temperature after which {ft& dependence
superconductors is an important parameter in attempting tehould be observed. In the dirty limit the energy scale related
understand the pairing mechanism in these materials. FQb impurity bandwidth(or impurity scattering radeis much
hole-doped cuprates experimental evidence strongly favongrger than the energy scale related to Doppler shift due to
d-wave symmetry:* Surprisingly, early experiments on magnetic field (the dominant mechanism for the clean
electron-doped r{-type) Nd; g:C& 1CUQ, (NCCO) sug-  g-wave casg and much less than the superconducting gap
gested answave symmetry. Recent penetration depth, maximum. In this limit i.e.kgT<(H/He)Ag< yo<A (f
tricrystal;’ photoemissiorl, Raman scattering,and point s <ot 1o 3, where A, is the gap maximum andy, is the

(I;ontaét Ctl(J)nnle;Ii(r;g fexperi(;ne(rjts on NCCO | ang impurity bandwidth[or (1/2) the quasiparticle scattering rate
- xC&LCu0, ( Q favored ad-wave symmetry. In ad- at zero energl the magnetic field dependence deviates from

dition to these measurements, which shovgear d-wave . . .
symmetry, there are penetration dép#nd point contact VH, and anH log(H) like dependence is predicted below a
ertain fieldH*, which depends on temperature and impurity

tunnelind experiments that showed evidence of a change irf S

the order parameter as the doping changes from underdop&@ncentration in the sampté. o B
(d wave to overdoped € wave. However, since these prior In this paper we present magnetic flelq dependent specific
measurements on thetype cuprates are surface sensitive N€at measurements ortype cuprates which probe the sym-
convincingly determine the pairing symmetry, as was theheat has been observed to have a nonlinear magnetic field
case for thep-type cuprates:1? dependence. The theoretical model for a cldamave sym-

The specific heat is sensitive to low temperature elecimetry fits reasonably well to our data; however, there are
tronic excitations. Different gap symmetries have differentdeviations from this type of field dependence belbiii
densities of electronic states close to the Fermi level. Con=0.6 T (Fig. 3). We find that arH log(H) type dependence
ventional lowT . superconductors show @wave gap sym- gives a better fit to our data over the whole range, which
metry in which the electronic specific heat has an exponenmeans our data can better be described by a dinyave
tial temperature dependene®, = T1% ~2’KT whereA isthe  symmetry. It is important to emphasize that the main point of
energy gag? For a cleand-wave superconductor electronic this work is to address the question ofswave vs ad wave,
excitations exist even at the lowest temperatures. The elecather than a clead wave vs a dirtyd wave.
tronic density of states is predicted to have a linear energy The specific heat data was obtained in the temperature
dependence close to the Fermi level, and this shows up in thenge 2—-7 K and the magnetic field range 0—10 T using the
electronic specific heat @8, T2.14 relaxation method® The measurements were repeated in two

In the mixed state, there are two types of quasiparticlesystems, a home-made setup and a Quantum Design PPMS
excitations in the bulk of the superconductor: bound statesvith some modifications on the sample holder to remove the
inside the vortex cores, and extended states outside the vdield dependence of the original chip. The addenda consist of
tex cores. In conventiona-wave superconductors, the in- a sapphire substrate with a thermometer and heater, and
core bound states dominate the quasiparticle excitationdVakefield thermal compound to hold the PCCO crystal. The
therefore, the electronic specific heat is proportional to theaddenda were measured separately, and found to have no
number of vortices. The number of vortices is linear in field,magnetic field dependence within the resolution of our ex-
therefore the electronic specific heat is also linear in figld. periment(-2.5%). The experiment was done on several op-
In a superconductor with lines of nodés.g.,d-wave sym- timally doped PygCe,12CuQ, single crystalsthe mass of
metry), the extended quasiparticles dominate the excitatiorthe crystals was 3—5 migThe sample heat capacity is ap-
spectrum in the clean limit. It has been shown that the elecproximately equal to two times that of the addendaTat
tronic specific heat has @H dependence in the clean liffit =2 K, and equal to that of the addendaTat 10 K. The
at T=0. For non-zero temperatures there is a minimum fielccrystals were grown by the directional solidification
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FIG. 2. C(H)-C(0) vs magnetic field, or the field dependent
electronic specific heat vs magnetic field. A nonlinear behavior is
fibi observed below 2 T. The electronic specific heat has saturated to the
5 " 0 20 s 4 50 normal state value at 8 T.

Temp’(K’) temperatures for any field shows that our sample is free of
magnetic impurities. From the slope of the lines, obtained
through a global fit3=0.29+0.01 mJ/mole K, and a De-
bye temperatur®=362+4 K has been extracted. These

values are in reasonable agreement with the other published

techniqué® The samples were characterized with a superdata in the literaturg 5=0.244 mJ/mole K(Ref. 4 and
conducting quantum interface device magnetometer anfp=382 K (Ref. 17]. 3 -
found to be fully superconducting, with similar transition ~ Since the phonon specific heat is field independent and
temperatured .= 22 K+ 2 K. there is no Schottky contribution to the specific heat, sub-
The specific heat of d-wave superconductor usually has tracting the zero field specific heat from the specific heat at
the following main contributions: the electronic contribution, other fields gives the field dependent part of the electronic
which could have the fornyT or yT? depending on the field Specific heat. Figure 2 shows the field dependent part of the
and temperature range the measurement is done, the phon@igctronic specific hea(H)T, vs magnetic field at 3.4 Kiin
contribution, which at the temperature range of our experithe field range 0—8 T. Figure 3 shows theoretical fits to the
ment can be written agT3, and a Schottky contribution, 3.4-K data in the field range 0-2 T. These data are the same
thermorey=y(0)+ y(H), where y(H) gives the field de- the three points taken_ for eaph field in Fig. .2 are avgre_lged
pendent part of the electronic specific heat coefficient, an@nd shown as one point in Fig. 3. The low field part is im-
v(0)T is the residual linear temperature dependent part of

FIG. 1. C/T vs T?, whereC is the sample total specific heat, at
four different fields(0, 1, 2, and 10 Tin the temperature range 2—7
K. The magnetic field is perpendicular to the ab-plane.

the electronic specific hea(0) is sample dependent, and it A Dataat3.4K

is origin is not completely understood. Nonelectronic two- { [--- s-wave theory

level systems away from the copper-oxide planes are one of 124 [ g'.ea“ d-wave theory a
. : . . —— dirty d-wave theory

the possible candidates for the origin of this téft has

been observed for all hole-doped samples studied. Figure 1 f)

shows the temperature dependence of the specific heat at ©

four different fields 0, 1, 2, and 10 T applied perpendicular to §

the ab plane of the crystal. The field range 0-2 T is the =

relevant field range to extract the gap symmetry S

information® and atH=10 T the sample is completely in Q

the normal stateH.,=8 T atT=2 K). Driving the sample Iz

to the normal state enables us to extract an important param- o |

eter, y,=6.7+0.5 mJ/mole K, which is needed to compare ;

our data to theoretical predictions quantitatively. A global fit 000 " 04 08 12 16 20
which assumes the phonon coefficigfit constant for all ’ ' I;ield(tes.la) ' '

fields andy variable gives ay(0)=1.4+0.2 mJ/mole K.

This value of y(0) is consistent with the values found for  FIG. 3. The field dependent electronic specific heat vs magnetic

v(0) in the hole-doped superconductorg y(0) field data at 3.4 K, and the theoretical fits to the data. The solid

~1 mJ/mole ¥ for YBCO (Refs. 9-11]. curve is the dirtyd-wave fit, the dashed straight line is teavave
The fact that we do not have any Schottky upturn at lowfit, and the dashed curve is the cledmwave fit.
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portant because the theoretical work diwave symmetry 124
(clean or dirty has focused on the dilute vortex limiH(,
<H<H,,) to be able to ignore vortex-vortex interaction, So 10+
both Egs(1) and(2) are valid in this limit. The clead-wave S
fit is calculated using the equatin L 8-
=
s\ H |\ THZ £
Cei= 7nT< W) Ho /a2 for THY <1l % n
£ 1
where y,=6.7 mJ/mole R (from the intercept of our 10-T © 2__
data in Fig. }, H,,=10 T anda=0.7 are usedla is a geo- 0 , : , : . : . :
metrical factor that depends on the vortex lattice geometry, 0.0 0.5 1.0 1.5 2.0
and the value 0.7 was found experimentally for YBQRES. Field(tesla)
9)]. The cleand-wave fit is clearly better than the linear
s-wave fit. The possible nonlinear behavior in awave su- FIG. 4. The field dependent electronic specific heat vs magnetic

perconductor will be discussed below. However, as we shalield data for 2.4, 2.7, and 3.4 K. The lines are the dutwave
now show, the dirtyd-wave model is the best model to de- theory fits to the data.
scribe our data.

Even though the clead-wave fit has a much better con- ¢an be calculated to be 15.7 T, in reasonably good agreement
sistency than the lines-wave fit, there seem to be devia- With the value generated by our daa=17.6+4.7 T. The
tions between our data and the clegswave theory below Other fitting coefficientA can be calculated from
H*=0.6 T, which would be expected from a dirtywave
superconductor. In fact, being in the dirty limit is not unex- Aoy T ﬁ 1
pected, since the penetration depth measurements performed ~n 8y0/ | H,/a2 '
on similar crystals, grown by this group, were also consistent
with dirty d-wave symmetry. For cleand-wave symmetry However, the parameter,, which is related to the density of
the change in the penetration depth as a function of temperdnpurities in the sample and is sample dependent, is not
ture is linear in temperaturBAX(T)«T], whereas a qua- known. Therefore by using the experiment&l=6.2
dratic temperature dependenjce\(T)=T?] is expected if +0.7 mJ/mole K T valuey, can be estimated to be 2.1 K.
the nodes are filled by impurity states, i.e., didyvaves. A A more widely cited scattering rate is the normal state elec-
quadratic temperature dependence was observed consisterffign scattering raté’. I' is due to only impurity scattering,
by two different groups on many crystals they studidtla  and it is also called the bare scattering rate. By using the
dirty d-wave function of the typeC,,(H)=AHlog(B/H) is  estimated value ofy, in the equation for strong scattering
fitted to our data, a slightly better fit is obtained for the fitting limit (unitarity limit), y,=0.61 T'Ao,*® a bare scattering rate
parameters A=6.2+-0.6 mJ/mole KT and B=17.6 of '=0.26 K can be calculatedi(andkg are set to 1
+4.7 T. The scatter in the data makes it very difficult to  Our analysis at the other temperatufésy. 4) also pro-
choose between cleahwave and dirtyd-wave symmetries. duced results similar to th&=3.4 K data. ForT=2.3 K,
However, since there is evidence for didywave symmetry A=3.1=0.2 mJ/mole K T andB=18.0+£4.7 T are found
from previous penetration depth measurements done on simind for T=2.7 K A=4.3£0.5 mJ/mole K T andB=18.7
lar crystals, the data analysis was focused on comparing out 4.9 T are found. Theoretically the coefficiddtshould be
data with the theory of dirtgl-wave symmetry. the same for all temperatures, and the coefficheshould be

We compared the experimental values of coefficiehts linearly proportional to the temperature. The best fits to the
and B with the theoretical prediction® calculated from the data generated the same valuesBowithin the error range,

equation, and the values foA scale with temperature, even though not
in perfect agreement with the thedfy.
We should mention that thewave theory we used to fit
A H mH ¢ . . . .
Ce|(H)=7nT(—)( og ) (2)  our data neglects nonlinear effects that might arise in the
870/ | H,/a? 2a°H vicinity of H.; due to vortex-vortex interaction or due to a

possible change in the size of the vortex cores. Some experi-
where 2y, is the zero energy quasiparticle scattering ratements performed os-wave superconductors have shown a
(also called the impurity bandwidthA , is the superconduct- nonlinear, evenyH, magnetic field dependence f@,,.
ing gap maximum, ana is a geometrical factor related to However the field dependence is not consistent for different
the vortex lattice geometry. Substitutind.,=10 T anda  temperatures, which means depending on what temperature

=1, the fitting parameter the field dependence is probed, the electronic specific heat
has a different field dependence. Different groups have ob-
H servedC,cH" for almost any value of between 0.5 and 1
B= ez depending on what material they studied and at what tem-
( 2a® ) perature range they performed their experinféit. While
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we cannot definitively rule ous-wave symmetry as an ex- addition, the normal state Sommerfeld constant of PCCO,

planation for our data we believe that a didywave sym-
metry gives the most consistent and plausible fit to our

data25—28

¥n=6.7+0.4 mJ/mole K, has been measured.
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