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Magnetic, thermodynamic, and transport characterization of Ng, 7C00O, single crystals
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The magnetic, thermal, and transport properties of aoO, single crystals grown by the floating zone
(FZ) method are reported. Magnetic susceptibility, resistivity, magnetoresistance, and heat capacity data from
these crystals indicate a bulk phase transitiof;a22 K. These data are most consistent with the formation
of an antiferromagnetic spin-density-wag@DW) at 22 K with the easy axis for magnetization nearly along
the ¢ axis. Weak and soft ferromagnetism is observed for applied magnetic fields less than 0.5 Tesla, which is
unusual for a SDW transition. The jump in the heat capacity at the SDW transition is 0.45 J/K-mol-Co, about
50% of the value expected from mean-field weak-coupling theory. The reduced jump and the decrease in the
resistivity belowT; are consistent with partial gapping of the Fermi surface. The magnetoresistance is small at
the SDW transition but increases in both directions reaching a value of 100% at 2 K for applied fields of
8 Tesla. The magnetoresistance data imply that the mobility of the remaining carriers is large and increases
below T;. The observation of a SDW transition in this material is found to be sensitive to the preparation
conditions and the degree of order in the Na layers. No SDW transition is observed in our polycrystalline
powder with the same nominal compositif¥a, ,:C00,) and lattice constants. Differential scanning calorim-
etry data, however, show distinct differences between the powder and crystal, suggesting a higher degree of
order in the Na layers within the crystal. The crystal exhibits a sharp first-order phase transifign at
=340 K, while for the powder this transition is smeared over the temperature range from 250 to 310 K.
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[. INTRODUCTION occupied, and cannot be occupied randomly since that would
result in some of the Na at site 1 being too close to Na at site
The layered transition metal oxides, J&®O,, have been 2.5 One neutron structure refinemé&hestimates the average
of considerable interest to the scientific community for therelative occupancy of Nat0.25 and Naz0.5. A Na at site
past few years. This family of materials has been known forl has a Co ion directly above and below it at a distance of
some timé but the report by Terasakit al2 concerning pos- 2.71 A as compared to a Na2-Co minimum distance of
sible thermoelectric applications has rekindled interest ir3-17 A. In an ionic picture, the Co ions are mixed-valent
these Compound%"S It is Very unusua| for an Oxide to have a Wlth a formal OXIdatlon state Of % A Slmp|e e|eqtl’OStatIC )
relatively high thermopower yet a low metallic resistivity. Model would suggest that the Co near an occupied Nal site
This result alone suggests interesting electronic correlationd/ould have a greater tendency toward Cowithin  this
The subsequent discovery of superconductivity at 5 K bySITPI€ picture there are clearly tendencies toward some type
Takada et all® in a hydrated version of this material O,f partial charge and Na ordering. This mo‘?'e' is much tqo
(Nap 5C00,-1.3H,0) caused even greater excitem&hts simple, however, since the_qverall electronic structure will
Although the superconducting transition temperature is t0(§"ISO depend on the Na posl'g"’”s' as has recently been dem-
low for applications, the structural and chemical simiIaritiesonStrated by Huanget aI._ .R.ecent NMR .data. from
between NgCoO, compounds and cuprate superconductoré\la‘l75C002 powc_ier, and resistivity, electron d|ffract|on. and
provide hope of additional insight into the physics of super-nemron spattenng data from biCoO, crystals provide
conductivity in layered transition metal oxides. In JSa0O,, strong evidence of Na ordering near and atig,\éz room tem-
the Co ions in each plane form a triangular lattice rather thaferature a_nd chéa;rge order at I_ower temperat '.6
the square lattice found in the cuprates. 3x1/2 triangular Magnetic da.t and_electr_onlc structure cglculau _rEug—
lattice is of great interest to theorists because of the inhere ests ?4onv-§p|n configuration &=0 for Co™ and S=1/2
geometrical frustration of antiferromagnetic order and sinc or Cq ywthm a t2g 9“’“_”0' state. Band _s;ructure calgula—
Anderson’s original RVB model for superconductiviyvas ~ tons indicate that the six bands comprising the mani-
calculated for a triangular lattice. fold are split further in the rhombohedral crystal field

The basic structure of N&0O, (0.3<x<0.9) consists of into two & _and foure," symmetry bands. At the Fermi

planes of edge-sharing Cg@ctahedra alternating with lay- €nergy most of the bands hawg character with some,’

ers of Na. In this article we focus on the most Na rich com-admixture. The calculated Fermi surface has large cylindrical
position with the gamma phase: NaCoO,. The gamma hole Fermi surfaces around the zone cefgrof dominant
phase is hexagona(P6;/mmg with a=2.83 A andc a; character and small holelike sections with soaay]echar—
~10.85 A. There are four crystallographically distinct posi- acter centered about 2/3 of the way out along Fhi and
tions within the unit cell: Co at0,0,0.5, O at(0.333, 0.667, A-H directions. The large cylindrical Fermi surface is flat-
0.0913, and two Na positions Nal0,0,0.25 and Na2 tened along thd'-K directions resulting in a cylinder with

(0.667, 0.333, 0.25 Both Na positions are only partially six facets(Allen wrench. Large portions of this Fermi sur-
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face are susceptible to nestitign addition, because of two rates of 2—5 mm/h. The material does not melt congruently
dimensionality, the smaller Fermi surface regions also havand the formation of a single crystal free of {8 and CoO
significant nestingf between themselves. impurities only occurs over the last 1-2 cm of a 10 cm feed
The present article focuses on the magnetic, transport, arf@d. Although there was some Na lost, particularly during the
thermodynamic properties of single crystals of,N&00, initial stabilization of the molten zone, the crystal that was
grown by a floating zone method. Two distinct phase transifinally produced may have had slightly more Na than the
tions are observed in these crystals, on&;at22 K and the Starting feed rods due to the ability of the Na to move along
other atT,~ 340 K. The transition at 22 K was first reported the axis of the feed rod during growth. Laue x-ray photo-

by Motohashiet al24 on powder samples of Na<CoO, and graphs were gsed to cut or cleave oriented single crystal
later investigated by Sugiyanet al2® using muon spin ro- plates with typical dimensions of*65x 1 cn? from the as-

tation (usr. Motohashiet al?* suggested that the transition grown boule. The crystal plates had lattice constants: of

. : ) . =2.83 A andc=10.82 A, very similar to the values found for
at 22 K was likely a SDW a conclu5|on_ consistent W'th.thethe starting powder. ICP-AES analysis of the crystal gave a
usr results. The possibility of a SDW in similar materials

) . ; . Na/Co ratio of 0.74+0.03, also close to that of the powder.
was first pointed out by TerasdkRiwho reported a transition The crystals and powder were stored in sealed containers

at 22 K in polycrystalline samples of NaggCuOy4. Very  gince the material would slowly react with moisture and,CO
recent work” on NgCoO, crystals have also reported a mag- jn the air. A small amount of white powder, identified as
netic transition near 22 K. A transition 3i§~340 K has not Nazco3yH20, would sometimes form on the surface of a
been previously reported, although it is probably related tqrystal left in ambient air for several days.

the smeared transition between 250-310 K studied by For comparison purposes, crystals of ,8a0, were

Gavilanoet al?® on powder and the transition a430 K grown from a NaCl flux in an alumina crucible as described

observed by Wangt al?® in flux grown crystals. in Ref. 5. These crystals typically contain small amounts of
Al and perhaps other impurities. We found that the physical
Il SYNTHESIS AND EXPERIMENTAL METHODS properties of the flux-grown crystals are significantly differ-

ent at both low and high temperatures from crystals prepared

High purity powders of NgCO; (99.997% from Alfa-  with the floating zone method. The typical lattice constants
AESAR) and C@O, (99.999% from Alfa-AESAR were  from the flux grown crystals ara=2.83 A andc=10.92 A.
carefully weighed to give the desired stoichiometry of The value for thec lattice constant indicates an average
Nay 75C00,. The powders were first mixed by hand to yield a compositioA® of Na, 7/C00,.
homogenous gray color and then ball milled for 2 h. The ball We also tried to prepare powder with Na contentsxof
milled powder was loaded into a high purit99.9% alu- =0.6 andx=0.67 using the same protocol developed for pre-
mina tray, inserted into a furnace that had been preheated faring thex=0.75 powder. Both thg=0.6 and 0.67 powders
750 °C and left for 20 h. This rapid-heat technique wasshowed significant amounts of gy either in the x-ray pat-
found to minimize the loss of Na due to volatilizati&hThe  tern or in the magnetic susceptibility data. If the powders are
prereacted powdditotal weight of about 30 gwas pressed heated at still higher temperaturés=900-950 °Q the
into three 1 in. diameter pellets and placed on a thin layer o€0,0, impurity is converted or partially converted to a CoO
the same powder in an alumina tray. The pellets were heateghpurity phase. We conclude that for synthesis methods in
to 830 °C for 16 h in pure @that was slowly flowed over the 700-950 °C temperature range, the gamma phase only
the tray (=10 cn?/min), and then cooled to room tempera- forms for a small range of Na concentratioxs0.74+0.04.
ture over a period of 6—8 h. The final powder was obtainedsamma phase samples of )d@0O, with lower concentra-
after ball milling all three pellets for an additional 1-2 h. tions of Na, however, can be prepared using nonequilibrium
Measurements of the weights before and after heat treatoom temperature chemical or electrochemical extraction
ments indicated that the final stoichiometry was very close tanethodst0.19.30
Nay7C00,.  Inductively-coupled-plasma-atomic-emission  As a further reproducibility check of the effect of the Na
spectroscopy(ICP-AES analysis of the powder gave a content on the lattice constants, a powdered sample of
Na/Co ratio of 0.74+0.02. lodometric titration measure-Na, ;,C00, was prepared by stirring 8 g of the NaCoO,
ments gave a formal Co valence of 3.25+0.01 in good agreegowder in a 6.6 M bromine/acetonitrile solutiqd5 cn?
ment with the ICP and weight loss data. Powder x-ray dif-99.99% Br and 75 cf99.999% CHCN) for 5 d. The pow-
fraction showed only the desired hexagonal gamma phasger, which is very hydroscopic, was thoroughly washed with
P65/mmcwith a=2.83 A andc=10.86 A. pure CHCN and quickly transferred to a vacuum chamber

Single crystals with a composition close to }N&CoO,  where the small amount of remaining @EN was pumped
were prepared from the Ya:CoO, powder using a floating away resulting in a dry and fluffy powder. ICP and iodomet-
zone method. The powder was hydrostatically compressed iric titration analysis of the powder yielded a Na content of
rubber bladders into 6 mm diameter by 100 mm long rodsx=0.37+0.02. Powder x-ray diffraction yieldea=2.83A
The fragile rods were carefully removed from the bladderandc=2.83A. This value forc is consistent with a Na con-
placed in an alumina tray on loose powder with the sameent of x=0.37 reported in Ref. 19.
composition, and heated at 830 °C for 16 h in flowing oxy-  X-ray diffraction measurements were made with a Scintag
gen. The polycrystalline rods were used in an NECPAD V powder diffractometer using CK« radiation. The
SCM15-HD arc image furnace to prepare single crystals ofluorescence of Co atoms when exposed toKzuradiation
Nay 7C00, via the floating zone method with typical growth significantly decreases the signal-to-noise ratio of the Bragg
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peaks in powder patterns of compounds containing large 2000
amounts of Co. The fluorescence was greatly reduced, how- | A

ever, by a careful adjustment of the x-ray energy window
(filter), which improved the signal-to-noise ratio by about a
factor of 10 relative to the normal setting. Patterns were cali-
brated using an external LgBstandard through theADE
software package. The procedures used for the iodometric
titration measurements have been described previdusly.
Scanning calorimetry measurements were made from
120-500 K using a Perkin-Elmer DSC-4. Magnetic suscep-
tibility and magnetization data were collected using a com-
mercial SQUID magnetometer from Quantum Design. Resis-
tivity, heat capacity, thermal conductivity and Seebeck
measurements were made using a Physical Property Mea-
surement SysterfPPMS from Quantum Design. To achieve L ‘
a low contact resistance, gold pa@s1000 A thick were 0 50 100 150 200 250 300
sputtered onto the crystals. Electrical leads were then at- T(K)

tached to the gold pads using silver epo@y20E from
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Magnetic susceptibility data are shown in Fig. 1 for the
starting powder(Na, ;sC00,), floating zone(FZ) crystals
(Nay74C00,) and flux grown crystals(Na, ;/C00,). For
comparison purposes, the data for the crystals is the poly-
crystalline average for the two directions. These data illus- 0 L L L L L
trate how the properties of the material can vary with small 200 250 300 350 400 450 500
changes in either Na stoichiometry or disorder within the Na T®
layer. Only the susceptibility data from crystals prepared by (b
tzhze2?22?%ezmoggr$ﬁizzdazg(\)}g EOCIIE,aglIn:)?%rr:gtfutsrggsgglri]ti t FIG. 1. (a) Inverse magnetic susceptibility Vs temperature for
data in Fig. 1 can be parameterized [y x,+C/(T+6). three samples of Ngs:0,04200, prepared by different methods.

. . ) hese data were taken in an applied field of 0.1 Tesla. The data
Least squares fits of the data gives effective moments o hown are field cooledC), although at this field there is no sig-
1.12-1.36ug per Co, and values ofy, between 1.36

4 4 nificant difference between FC and zero-FC. The susceptibility data
%10 and 1.72x10°* cm*/mol. The constank, accounts e given in units of cAYmol-Co that is often written in the litera-

for Pauli paramagnetism and core diamagnetism. The valuggre as emu/mole. To convert to emu/g, the susceptibility values in
for 6, are 120 K, 122 K, and 206 K f_or the powder, flux- the figure should be divided by the molecular weight of 108 g/mol.
grown crystal, and FZ crystal, respectively. The larger valugp) DSC scans from the same three samples.

of @ for crystals grown by the floating zone method may be

related to a higher degree of Na order as discussed below.there are two crystallographically distinct Na sites with each

Since the powder and FZ crystals have virtually identicalsite only partially occupied’ It is likely that the endothermic
chemical compositions, the likely origin of the difference in peaks correspond to a rearrangement of the Na within each
the magnetic properties is the degree or type or order in thiayer. DSC measurements on the FZ crystals showed only
Na layers between the Co(lanes. An initial analysis of one sharp endothermic peak at 343 K on heating with a total
x-ray powder diffraction data showed no obvious structuralatent heat of about 700 J/mol NaCoO,. The transition at
differences between the two materials, but further structuraB43 K was hysteretic and was about 6° lower on cooling,
studies are clearly needed. We note that recently other aiRdicating a first order phase transition. Measurements on
thors have found similar differences in properties betweerseveral different crystals indicated a one-to-one correspon-
powder and crystals of N@&oO, with similar dence between a sharp DSC peak at 343 K and a distinct
compositions? Scanning calorimetry data, however, showedmagnetic transition at 22 K. DSC measurements were also
clear differences. The powder exhibited two to four distinctperformed on several flux grown crystal®a,;:C00,).
endothermic peaks when heating through the temperaturéhese crystals exhibited a sharp endothermic peak at 430 K
range from 250 to 310 K. The approximate positions andwith a heat content of about 1000 J/mol. However, there was
magnitude of each peak were reproducible for different powno distinct magnetic transition for these crystals, possibly
der samples and for subsequent scans of the same powdbecause these crystals had a lower Na content. DSC mea-
The heat associated with each peak ranged fronsurements on the Na, CoO, powder showed no thermal
~40 to 160 J/mol Ng;C00,. In the gamma structure anomaly in the temperature range from 120 to 500 K.

Flux Grown 4
Crystal

o
»
T

Powder

Heat Flow (Arb. Units)

o
N
T
1
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400 0 20 30 20 %0 FIG. 3. (8 Magnetization vs field at=1.9 K for a Ng 74C00,

crystal grown via the floating zone method. Very weak ferromag-
netic behavior is evident foH <0.5 Tesla. At higher fields the

FIG. 2. (a) Inverse magnetic susceptibilit}fC) vs temperature magnetization data are more consistent with a type of antiferromag-
for a Ng 7Co0, crystal grown via the floating zone methaib) netic order.(b) Low field plot of same data.

Low temperature plot of same data. A magnetic transition at 22 K is . )
evident forHlla andHllc. Per=1 ug, and§=167 K for Hllc. The anisotropy in the sus-

ceptibility data is significant ranging from 25% at 300 K to

Very recent work by Huangt al33 confirm this interpre-  45% at 50 K. The flatteningsaturation of the susceptibility
tation. They find that there is a structural phase transition irdata for temperatures between 50 K and 22fét both the
Na,CoO, near x=0.75 due to Na rearrangement. Crystalspowder and FZ crystaimay be due to 2D antiferromagnetic
with x=0.75 grown via the FZ method were found to have acorrelations within the Co®layers. Magnetization data at
more ordered Na arrangement at room temperature, but con:9 K are shown in Fig. 3 foHlla andHIlc. In both direc-
verted to a more disordered phasélat 320 K. Polycrystal-  tions there is evidence of weak ferromagnetism and hyster-
line powder with virtually the same Na content tended toesis for applied magnetic fields of less than 0.5 Tesla. The
form in the more disordered phagia at the Na2 site ap- remanent magnetization is very small and corresponds to
pears to move off center to one of three nearby posijions about 0.0001ug per Co forHllc and less foH|la. The co-

The remainder of this article will focus on the propertiesercive field is about 100 Oe. The ferromagnetic hysteresis is
of Nay7£C00, crystals prepared using the floating zoneabsent above 22 K. For applied fields larger than 1 or
method and the nature of the magnetic transition at 22 K an@ Tesla the magnetization is linear in field fétla and
the Na ordering transition at 343 K. The magnetic susceptinearly linear forH [lc. The magnetization data fétlic begins
bility data for magnetic fields applied parallel #candc are  to curve upwards foH>5 T, which suggests a possible
displayed in Fig. 2. On cooling there is a clear and abrupimetamagnetic transition at fields greater than 7 Tétle
increase in the susceptibility in both directionsTaE22 K limit of our instrument. The extremely small magnetization
in a field of 0.1 Tesla. This transition was first reported byassociated with the ferromagnetic behavior at low fields,
Motahashiet al?* in Na, ;C00, powder. Above 50 K the coupled with the linear and superlinear behavior of the mag-
susceptibility data in Fig. 2 can be parameterizedysyy,  netization at higher fields suggests that ferromagnetism is not
+C/(T+6) with x,=9.49x 10°° cm?/mol Co, peg=1.56 ug, the dominant magnetic response of the system. To test this
and #=220 K for Hlla and x,=2.76xX10“cm®/mol Co, hypothesis the susceptibility of WaCoO, was measured in

T(K)
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FIG. 4. Susceptibility vs temperature with an applied field of
5 Tesla.

an applied field of 5 TesléFig. 4). The susceptibility data
resembles that of an antiferromagtewith the magnetic
spins aligned along the axis of Ng ;C00,. The increase in
the susceptibility in low magnetic fields for temperatures be-
low 22 K for Hlla, andHIlc however, suggests that the mag-
netic response of this material is complex. We are not aware
of a SDW materialor any metallic antiferromagnetic mate-
rial) that exhibits both weak and soft ferromagnetism similar
to that found for Ng,:CoO, crystals. Preliminary neutron
scattering measuremefiton a 1 cmi single crystal found no
evidence of a commensurate magnetic structure. For com-
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parison, the magnetization data at 1.9 K for the, N@oO,
powder (not shown is perfectly linearly for fields from
0 to 7 Tesla.

0 ! ! ! ! I !
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Magnetic susceptibility data were also taken for tempera- FIG. 6. (a) Resistivity of a Ng 7sCo0, crystal for current in the
tures between 300 and 400 K to see if the structural transiPlane(pa) and along thee axis (pc). The magnetic transition &t
tion at 340 K had a magnetic signature. There was a very22 K and the ordering transition 8 =340 K are evident in the

bility on cooling below 340 forHIIc (Fig. 5 and an even
smaller effect forH| a.

2000 ———— T T T

1980 | .
2 .
£ .
g 1960 - H=0.1Tesla .r 1
Q
o * ]
g 1940 |- L T ]
- Hie ,*
= .
. T
1920 |- . 2 J
1900 L L

1 | 1 1
320 325 330 335 340 345 350
T(K)

FIG. 5. Inverse susceptibility of Na<CoO, vs temperature in
the vicinity of T,. There is about a 1% change ynnearT,.

perature in 0 and an 8 Tesla fie(tlic). Similar but noisier data
were also found fop, with Hllc.

IV. RESISTIVITY AND MAGNETORESISTANCE

The temperature dependence of the resistivity data is
shown in Fig a). Both the in-planep,, and out-of-plane,
P, resistivities are metallic over the entire temperature range
(2—400 K) with p. about 600 times larger than. The first-
order transition at 340 KT,) and the magnetic transition at
22 K (T,) are clearly evident in the resistivity data. Cooling
the crystal through each transition results in an abrupt de-
crease in the resistivity. By 2 K the resistivity in both direc-
tions is 10 times smaller than the value extrapolated from
data above 22 K. This strongly suggests that the magnetic
phase transition that occurs B is a bulk effect and is not
due a small amount of a magnetic impurity phase. The mag-
netoresistance is small ned@j but rapidly increases as the
temperature is reduced furthg¥ig. 60b)]. For local-moment
type magnets the magnetoresistance is maximal near the or-
dering temperaturé in sharp contrast to the behavior of
Nay 7C00,. The field dependence pf at 2 and 5 K forH|Ic
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30. _I...
0.025 o N \
05 / Nacho2 4
0.02 I eta (Powder)
0.015 0 7. "#‘\.-‘ | ! L I
0 5 10 15 20 25 30
T(K)
12 ‘ ' T FIG. 8. Heat capacity vs temperature for a crystal prepared via
B the floating zone method and a powder with essentially the same
1L ] composition. The only significant difference between the two
samples appears to be the degree of order in the Na layers. This
e H =8 Tesla difference is clearly reflected in the DSC data shown in Fi).1
o 08l .
é“ V. HEAT CAPACITY
eﬁ: 06 I ] Heat capacity data versus temperature for g NaoO,
& crystal and for the Ng,Co0, starting powder are shown in
T o4l ] Fig. 8. As discussed previously, we believe that the only
= significant difference between the powder and the crystal is
the degree of order in within the Na layers. The heat capacity
02 - 1 data from the crystal exhibits a distinct transition at 22 K
that is very similar in shape to the heat capacity anomaly
0 w w w from a BCS superconductor. The heat capacity data from the

0 0 20 %0 40 S0 60 powder exhibits no phase transition in the temperature range
8Tip,_,(T) (Tesla @"'cm™) from 5 to 30 K and can be accurately described as a sum of
an electronic and lattice contributiofCpouge= ¥T+ BT®)
FIG. 7. (a) Resistivity(p.) vs magnetic fieldHllc) atT=2.2and  with y=0.027 J/K-mol-Co and B=4.34% 1075 J/KA-
T=5 K. (b) Magnitude of magnetoresistance at 8 Tesla vs conducmol-Co. This value forB implies a Debye temperaturép,
tivity at zero field (1/p(T)=0). These data suggest that the large of 545 K. The values fory and 6, are similar to the values
magp_etoresistance_ at low temperatures is _due to an increase in tagtimated by Motohastét al2* The data from the powder
mobility of the carriers as the temperature is lowered belgw was scaled by a few percent to exactly match the heat capac-
is shown in Fig 7a). At 2 K a field of 8 T more than doubles %Y Of the crystal at 30 K, compensating for the weighing
the resistivity. In spite of the large magnetoresistance at lov#"0rS 0f 2%-5%. The entropy associated with the magnetic
temperatures, a field of 8 T has no detectable effect on thiansition is estimated to be only 0.08(thol-Co K). If this
transition temperature of 22 K. In “normal” metals the mag-transition corresponded to the long range magnetic ordering
nitude of the magnetoresistance increases quadratically witdf localized Cé* spins, we would expect the entropy asso-
magnetic field in a manner similar to that observed in Fig.ciated with the transition to be of order OR®&(2)
7(a). These data do not show any clear evidence of an incipi= 1.44 J/mol-Co-K, which is 20 times larger than found ex-
ent metamagnetic transition that was suggested from thperimentally. Short range correlations could remove part of
magnetization datgFig. 3(@]. The magnetoresistance of the entropy at higher temperatur@selow 50 K where the
“normal” metals also increases as the mobility of the carriersusceptibility flattensbut it seems unlikely that 95% was
increasegor as the resistivity decreage$Ve show in Fig. removed at higher temperatures. The magnitude and shape of
7(b) that the longitudinal magnetoresistance belbwscales the heat capacity feature near 2AKg. 8), however, is con-
as the conductivity in zero fieldl/p(0,T)). Similar behavior  sistent with the formation of a gap over part of the Fermi
was observed at 2 and 5 K fpg with Hllc (transverse mag- surface as a result of the development of a spin-density-wave
netoresistange These data suggest that the large magnetoreg<SDW). In the simplest models of a SDW, the transition is
sistance belowl is due to an increase in carrier mobility. A considered to involve only the electrons near the Fermi en-
more complete study of the low temperature magnetotransergy. The lattice contribution to the heat capacity from the
port properties of Ng,:CoO, crystals is in progress. crystal was estimated using the data from the powder, which

174419-6



MAGNETIC, THERMODYNAMIC, AND TRANSPORT.. PHYSICAL REVIEW B 70, 174419(2004)

0'06 T T T T T 16 ’po
AS = 0.08 J/mole-Co-K .";'.’y... A
Na  CoO, Crystal . 1l & .,.q

0.05 |
12 [
0.04 |- .

* 10 [

003 L -l._..' .‘.. B

c /T mole'K?)
Y

K (Wm'K")

0.02 = B! 6[

Na _CoO_Powder
0.75 2

| | | 4L

0 5 10 15 20 25 30 35

T(K) 2y

Na _ CoO_Crystal
0.75 2

Extrapolated
’. 1 | 1

0.01

FIG. 9. Electronic portion of the heat capacity divided by tem- °s T T v e
perature vs temperature for the crystal and the powder. The shape of T(K)
the peak in the heat capacity data and the magnitude of the entropy
associated with the transition at 22 K strongly imply the formation ‘ B
of a SDW. The downturn i€,/ T at about 6 K for the data from the Na .CoO, Crystal .,
crystal is of unknown origin and may be extrinsic or intrinsic. The ._-.'..’“"'""
extrapolated behavior shown f@/T is consistent with the con- -
servation of entropy for the main transition. -

-

o NoOo
&
L ]

does not show a transition. The electronic portion of the heat
capacity divided byl (C/T) for the crystal and the powder
are shown in Fig. 9. For a SDW, the net entropy change
below 22 K associated with the transition must coincide with o
the entropy reduction if the electronic density of states main- 31"
tains its value just above the transitiqy=0.027 J/K-

mol-Co) all the way toT=0. This constraiff means that the o

area of the peak witlC,/T> y has to equal the area where 10 TK) 100

Co/T<y. Based on this constraint we conclude that the

downturn at about 6 K in th€,/T data from the crystal is FIG. 10. (a) In-plane thermal conductivity, vs temperature for
not associated with the main SDW transition. The downturrg N& 75Co0, crystal.(b) Log of «, vs log of temperature. Notice

in Co/ T below 6 K may be extrinsic or intrinsic, but we have that there is no clear sign of the SDW transition at 22 K in the
no good explanation for the data. The expected behavior ghermal conductivity data. This result implies weak coupling be-
Co/T below 6 K due to the SDW transition is sketched in tween the _conduction electrons involved in the SDW transition and
Fig. 9. This extrapolation is consistent with the entropy con-the acoustic phonons that carry most of the heat.

straint. The jump in the electronic portion of the heat capac-

ity at the SDW transition isAC=0.45 J{mol-CoK) and ) .
henceAC/ yTspw=0.75. We note thay contains contribu- the temperature gradient and heat flow alongafaxis. The

tions from both the large and small pockets of the Fermi€mperature dependence of the thermal conductivity data
surface. Because of different effective masses, each portidirig- 1Q@)] is typical of an insulating crystal. The electronic
of the Fermi surface contributes about half of the measuregontribution, ,, to the thermal conductivity can be estimated
density of states above the transitinMean-field weak- using the Wiedemann-Franz Law and the resistivity data
coupling-limit theory predicts that this ratio should be theshown in Fig. 6a). «. is 0.4 W/m-K at 300 K and
same as that for a BCS supercondué®kC/yTspy=1.43. 0.24 W/m-K at 10 K. These values are less than 10% of the
Since the resistivity data clearly indicate that the entire Fermmeasured thermal conductivity, which means that most of the
surface is not gapped, the ratio 0.75/1.43=0.52 can be usdteat in these crystals is carried by phonons. The lack of a
as a crude estimate of the fraction of the Fermi surface afclear anomaly at 22 K implies relatively weak coupling be-
fected by the SDW transition. The heat capacity of the crystween acoustic phonons that carry most of the heat and the
tal was also measured in a field of 8 T withllc (not €lectrons involved in the SDW transition. As has been
shown. There was no detectable effect of a magnetic field orpointed out by several authérs the thermopower of
the data shown in Fig. 8. Nay ,:C0o0, near room temperature is unusually higs
~115uV/K) for a metal, which has led to interest is this
and related layered Cg@ompounds for thermoelectric ap-
plications. The rearrangement of the electronic structure that
The thermal conductivityx,, and thermopowerS, data  occurs near the SDW transition at 22 K has a clear impact on
from a Ng 7:CoO; crystal are shown in Figs. 10 and 11 with the thermopower below 22 K. A qualitative discussionSof

x (Wm'K")

VI. THERMAL CONDUCTIVITY AND THERMOPOWER
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120 e the magnetic susceptibility, heat capacity, resistivity and
100 | A . ’,'..,'\..' ,’-,.'.\-,,._.';‘.'-": magnetorgsistance data from thep_l_s,lﬁ:ooz crystal provide .
et strong evidence for a SDW transition. The calculated Fermi
-~ 80[ ' ] surfacé provides a natural explanation for both the presence
kv s of a SDW and the decrease in the resistivity ofyN&00,

= 0 o ] below the transition(Fig. 6). As discussed in the Introduc-
B ol / ] tion, the calculated Fermi surface has two holelike parts. The
larger portion of the Fermi surface consists of a faceted cyl-

2 [ ] inder (allen wrench of mainly a; character. The smaller

] | . . | . holelike sections have boty andeg1 character. Nesting and

0 0 00 150 200 250 300 the formation of a SDW are most likely to occur for the
T(K) smaller holelike section® Holes from the smaller holelike
portions of the Fermi surface have high effective masses and
may act as strong scattering centers for the lighter carriers
from the allen wrench portion of the Fermi surface. This
scenario would explain why the resistivity decreases below
22 K even though the total number of carriers is lower. We
note that resistivity and magnetoresistance Yaftam the
well studied SDW material FeGeare similar to the data
presented here for Na:CoO,.

S(uV K"

VIIl. SUMMARY AND CONCLUSIONS

20 30 20 50 The properties of NgCo0O, are sensitive to the details
T(K) of sample preparation. Polycrystalline powder and single
crystals of Ng,:Co0, with the same nominal compositions
_ FIG. 11. (3) Thermopowers, vs temperature. The value Bfat  anq |attice constants exhibit qualitatively different properties.
hlgh tempergtures |s.unusually high forgmetgl,whlch has attracteql-he FZ crystals exhibit a SDW transition at 22 K, and a
Interest Ik? this material for thern106|e°trr']° app"fat'qﬁ?fs' 2and  gharp first order transition at about 340 K with a latent heat
3)- (b) The SDW transition aff;=22 K has a clear e ect on th.e of 700 J/mol. The powder shows no magnetic transition
temperature dependence of the thermopower, consistent with gbove 2 K and the first order transition at higher tempera-
change in the Fermi surface. -
tures is smeared over the temperature range from
) ] 250 to 310 K as a series of first order transitions with latent
below 22 K, however, requires detailed knowledge of theneats ranging from 40 to 160 J/mol. The variation in prop-
new electronic structure. erties is likely related to the distribution of Na in each Na
layer. Very recent neutron diffraction results by Huagig
al.®® confirm this hypothesis. As to the low temperature
ground state, LSDA calculations predict a weak ferromag-
The magnetic susceptibility datéFigs. 2—4 for the  netic instability, but Singhnotes that close in energy there
Na, .Co0, crystal exhibits a clear magnetic transition atare “a large space of spin and charge orderings that are
22 K. These data are consistent with either local-momentearly degenerate with each other.”
canted antiferromagnetism or an unusual SDW. The heat ca- The FZ crystals exhibit a phase transition Tgt=22 K.
pacity data shown in Figs. 8 and 9 indicate that the entropyleat capacity, magnetization, resistivity, and magnetoresis-
removed as a result of the magnetic transition is at leadiance data indicate a SDW phase transition at 22 K from a
20-50 times smaller than expected from a simple local mogap that develops over only a portion of the Fermi surface.
ment interpretatio(AS~RIn 2), arguing against the local The heat capacity data exhibit a feature at 22 K that is very
moment picture. The shape of the heat capacity anomaly ne&imilar in shape to the heat capacity peak from a BCS super-
22 K is exactly what would be expected for a SDW transi-conductor. The entropy associated with the transition is
tion. While it might be possible to interpret the magnetic andsmall, only 0.08 J(K mol-Co). The jump in the heat capac-
heat capacity data as a local moment transition from an unity at T is 0.45 J(K mol-Co) or about 50% of the value
detected impurity phase in the crystal, the resistivity dateexpected from mean-field theory. Low and high field magne-
shown in Figs. 6 and 7 rule out this interpretation. The largdization data indicate that the easy axis for the spin density
drop in the resistivity below 22 K is difficult to reconcile magnetization is nearly along Upward curvature in the
with an impurity-phase scenario. The large increase in thdigh-field magnetization data at 2 K implies that a meta-
magnetoresistance as the sample is cooled below the transitagnetic transition may occur fétlic for fields higher than
tion is also not expected from a local moment antiferromag~ T (the limit of our instrument Weak and soft ferromag-
netic transition. For such materials the magnetoresistance igetism for fields less than 0.5 T is very unusual in a SDW
normally largest near the transition but decreases in magntransition. Preliminary neutron scattering measurenieots
tude as the temperature is lowered further. Taken togetheg 1 cn? single crystal found no evidence of a commensurate

VIl. EVIDENCE OF A SDW TRANSITION
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