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Thermal conductivity of Mg-doped CuGeQO; at very low temperatures:
Heat conduction by antiferromagnetic magnons
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Thermal conductivityx is measured at very low temperatures down to 0.28 K for pure and Mg-doped
CuGeQ single crystals. The doped samples carry a larger amount of heat than the pure sample at the lowest
temperature. This is because antiferromagnetic magnons appear in the doped samples and are responsible for
the additional heat conductivity, while of the pure sample represents phonon conductivity at such low
temperatures. The maximum energy of the magnon is estimated to be much lower than the spin-Peierls-gap
energy. The result presents evidence tkaat very low temperatures probes the magnon transport in a
disorder-induced antiferromagnetic phase of spin-gap systems.

Recently, the impurity-substitution effect on the spin-range SP ordering is establishdt is essential to examine
singlet ground state has been intensively studied in a varietthe magnetic excitations of samples with impurity concentra-
of low-dimensional spin systems, and the results indicate thaton less tharx.. In this work, we have measured thermal
only a slight substitution of nonmagnetic impurity essentiallyconductivity  at very low temperatures, using lightly Mg-
changes the ground state. When the disorder is introduced isloped samples. The samples are cooled dowPHe tem-
the nonmagnetic impurity, antiferromagnetiéF) ordering  Peratures, in order to study the low-lying excitations. The
immediatelyappears without destroying the spin-gap featurethermal conductivity of the doped samples exceeds that of
commonly found in a spin-Peierls(SP compound the_pure sample at the It_)west temperature. We will show that
CuGeQ,™5 a ladder compound SrG0.° and a newly the in-gap magnons, which are intrinsic to the D-AF phase,

found Haldane system PbjNi,Og.”® Since it was believed indeed exist and are responsible for the excess low-
that the spin-singlet state and antiferromagnetism were mJemperature heat transport in the doped samples.

tually exclusive, the case of CuGgQn which both the re- The Cu_,Mg,GeQ; single crystals were grown W'th.a
2 . : . ... floating-zone method. The Mg concentration is determined
maining SP ordering and the AF ordering developing with

. . . ! by inductively coupled plasma-atomic emission spectrosco
impurity doping turned out to béong-rangeorder; is re- (I)éP—AES.l“*)15 FOE thepthermal conductivity mea{)surementpy
markable. Fukuyamat al. proposed a theoretical model for '

we use purex=0.016, andk=0.0216 samples, all of which
this anomalous phase, i.e., dimerized antiferromagri&tic pUrex P

& . were already well characterized using dc susceptibility and
AF) phase: In their model, staggered AF moments and lat-gynchrotron x-ray diffraction measuremeffts® The transi-

tice dimerization are spatially modulated, keeping the AFjjon temperatures are shown in Table | for each sample. SP
and SP long-range correlations; the degree of the 'atticﬁ)ng-range order is observed E&EO as a resolution limited
dimerization is larger in between the impurity sites thang)| width at half maximum(FWHM) of the x-ray Bragg
around the impurity sites and the magnitude of the staggeregeak from lattice dimerization. The WetemperatureTy, is
moments are larger near the impurity sites. determined by the magnetic susceptibifity.

Even though the coexistence of the two long-range orders Thermal conductivity is measured down to 0.28 K with
are established in lightly doped CuGgQt is to be eluci- ~ 3He refrigerator using “one heater, two thermometers”
dated how low-energy spin excitations of the SP state, whickechnique. Gold wires, which are tightly connected with a
has spin gap, and those of the AF state, which is gapless igicrochip heater and two calibrated RuO sensors, are at-
isotropic systems, compromise with each other in the D-ARgached on the samples by GE varnish. Temperature differ-
phase. Recently, Saito and Fukuyama extended the theory of
Branch chows up n addifon o he gapped S mode whep TABLE || Relevant parameters, ., Mg concentasoansr
impurity is doped® They predicted that the energy scale of on temperature_?scp andT!\,, geometrical mean widty, and the

. estimated velocity ., of the in-gap magnons, of the four measured
the magnon branch is smaller than the SP ¢a24 K). crystals.
Existence of this in-gap magnon branch is observed by neu-
tron scattering for rather highly substituted sampfed®(zn sample  x TROK] Ty [K] w oC [mis]
concentration was 3.2% for the sample used in Ref. 11, for sP N wimml Ym

example. However, since recent study using high-quality A 0 14.5 0.17

Mg-doped single crystals, in which impurities distribute B 0.016 10.5 2.5 0.17 70
more homogeneously than in Zn-doped systems, has re- ¢ 0.016 10.5 2.5 0.24 70
vealed disorder-induced first-order transition around the Mg p 0.0216 8.5 3 0.10 140

concentration ofx.=2.4%2* only below which the long-
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of ‘ ‘ s |‘ N lowest temperature, which is not explained by the above
_ Cu, ,Mg,GeO, & 0) 7 simple picture. ' '
X 15} First, let us discusg of the pure sample. Magnetic exci-
E Sample B tations are negligible in the pure sample below 1.3 K, be-
z 1 (x = op_ow) cause the spin-gap energy of CuGda®more than one order
y of magnitude larger than the temperatu#&3herefore, the
051 heat is dominantly carried by phonons there. Assuming ki-
0 ‘ aal ‘ ‘ netic approximation, the phonon thermal conductivity, is
0 02 04 06 08 1 12 written as
0.25 | ] Kph= %Cphv phI ph» (€N
< 02 e whereC,, is specific heaty 5, is velocity, and p, is the mean
E 0.15 ] free path of the phonons. Sin€g;, also depends on tempera-
Z 04 1 ture asT? at such low temperaturek,, should be indepen-
v dent of temperature below 0.58 K. This result means that the
0.05 . 1 phonon conductivity reaches the Casimir limit, where the
0 bzt ‘ ‘ ‘ mean free path is determined simply by the dimension of the
0 0.05 T30fl1<3] 015 02 crystal'”*#2!For a rectangular-shaped crystal,is given as
FIG. 1. (@ Thermal conductivity of Cu_,Mg,GeQ; single Iph=1.12/_v, (2)

crystals below 1.3 K. The solid curve is for one of the 0.016

samples(B) and the dashed curve is for the pure sampg. (b) assumimg isotropic phonoR%We have measured the spe-
Thermal conductivity of the same sample as a functioT®fThe  cific heat independently and examined the validity of Egs.
dashed lines show that is proportional toT® below 0.58 K for (1) and(2). First, vy, is calculated frome andC data by Egs.

sampleA. (1) and (2), as v = (3x)/(C1.12v)~1600 m/$ On the

_ other hand,v,, can be estimated only from the low-
ence between the two thermometers are typically 3% of th‘?emperaturec data, assuming the Debye model. Thus, the
sample temperature. Since we will discuss the thermal congpo.o o value of ,his 1800 m/s. which is in go;)d agrée—
ductivity in the low-temperature limitCasimir’s limit),1"18 P ’

; ; . ment with the estimation from the data. The result shows
where heat carriers are scattered dominantly by crystalllmte*hat the relation of Eqs(1) and (2) is satisfied at the tem-

boundaries, we paid special attention both to the sample si M

. : . > “Peratures shown in Fig.() for the crystal used.
alnd tot;[]he smpqthness gféhe boun(;j?rzle?HTyplclal dltrjnents!cfﬁ Noting that phonon conductivity governed by the bound-
along thec axis IS aroun mm and the thermal gradien ISary scattering gives the maximum value &f, (any addi-

applied alor?g thf axis. As shown in Table |, the geometrl- tional scattering would suppress the conductivitwe can
cal mean widthsv (square root of the cross sectjowhich — potice thatx,, of sampleB cannot exceed of sampleA in

are proportional to the mean free path in the Casimir’sF. . —

- 0 ig. A(b), using Eqgs(1) and(2), becausev of samplesA and
limit, * of the pure sample{samplgA) gnd one_of thex B is identical(Table |) and littlex dependence is expected for
:0:016 ;amplessampleB) are set |de_:nt|cal for direct com- Cpn andv . Therefore, the result of the excessn sample
parison In k. The _smooth boundaries of the crystal_ areg requires an additional excitation which can carry heat at
a(;h|eved by cleaving for the-c surfaces and by cutling low temperatures down to 0.28 K in the Mg-doped sample.
with a shg\rp ra;?r t?]Iade'for tf(;lectsu(;fa(_:es.thAlso, vg_ellthav;a Considering the AF ordering in the impurity-doped CuGeO
measured specific heg, in order to derive the mobility o it is most likely that antiferromagnetic magnons are respon-

the r elevant heat carriers. The .Spec'f'c heat measurement g, o ¢or this excess low-temperature heat conductivity in the
carried out down to 0.4 K with the commercial PPMS Mg-doped sample

(Physical Properties Measurement System, Quantum Design In order to examine whether the Mg-doped sample also

heat-capacity probe, using a relaxation method. The mass g%tisfies the Casimir’'s condition, under which more quanti-

the ;qmples is typically 3 mg. The ;gmples used for thet‘ative discussion is possible, we compare low-temperature
specific heat and the thermal conductivity measurements ars sampleB and that of anothex=0.016 sample with dif-

cut from the same piece of the crystals. — , i

Figure 1a) shows temperature dependence of for ferentw (sampIeC_).The upper inset of Fig. 2 shows that the
samplesA andB below 1.3 K. In Fig. 1b), « in the tempera- values ofx are dlfferent between ;ampl&and C. On the
ture range below 0.58 KTe<0.2 K3) is plotted as a func- oth_er hand, as shown in the lower inset, the low-temperature
tion of T°. «k of the pure sample rapidly decreases with de-«/W data (T3<0.1 K) of the two samples show only a 3%
Creasing temperature and becomes proportion'a"ﬁtbe|ow difference, which is mainly due to the error in determining
0.58 K. At 1.3 K, k of the x=0.016 sample is smaller than the distance between the gold wires connected to the ther-
that of the pure sample, so that our previous results in &ometers. Since the result means thatiffers in proportion
higher temperature range are reproduteld.is natural that to w at low temperatures, it is strongly suggested that the
« is suppressed in the presence of impurities, owing to th&€asimir's condition is satisfied for both samples, and that
scattering by disorders. Howevex,of the x=0.016 sample both «,, and the magnon heat transpatf, are governed by
exceeds that of the pure sample lveld K down to the the boundary scattering there, i.e.,
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FIG. 2. Specific heat and thermal conductivity of 0 005 01 015 02
Cu; _ Mg, GeO; with the concentration of=0.016 below~0.58 K T K]

as a function ofT3. Specific heat of the pure CuGg@ plotted

together. Insetx/w of two x=0.016 samples with different, i.e.,
samplesB andC.

FIG. 3. (@ Thermal conductivity of Cu ,Mg,GeC; (x
=0,0.0216) crystals, divided by is plotted against2. (b) Specific
heat and thermal conductivity of Gu,Mg,GeQ; (x=0.0216) be-
_ low ~0.2 K as a function off®. Specific heat of the pure CuGgO
Km=3Cv51.120,W, (3) s plotted together.

[ (Ei/v%v?n/vcm2~3\/|3a3b|/35) is a factor due to the an- data are plotted together. Following the same discussion as

isotropy of the magnon velocity and v is the magnon that for thex=0.016 sampley, is estimated approximately
velocity in theith-axis direction. to be 140 m/s. The upper limit of the magnon enengy?, is
Assuming Eq.(3), we can crudely estimate, with the =~ ~0.23 meV,. whi_ch is twice as high as that of tke0.016
value of C, obtained by the independent specific-heat measample but is still much lower than thiesp. -
surement and examine whether the magnon branah tise The velocity of AF magnon for the usual uniform &le
SP gap. The specific heat of samplesnd B is shown in  State is given by 2J.Sc*® wherezis a factor of order unity,

Fig. 2 as a function off® in the temperature range below Jc iS the interaction energy, arfilis the spin in each mag-
~0.58 K (T3<0.2 K). SinceC of the pure samplédia-  nhetic site. Even when quantum fluctuations, which diminish

monds in F|g 2’ which representgph in this temperature the effective value of to 02 times Sma”e%? is taken int-O
region, is more than one order of magnitude smaller than thatccount, the magnon velocity of as fast 4000 m/s is
of the Mg-doped samples, we can negl€xf, and assume e€xpectedassumingl,=120 K).™" Since we obtained much
C~ C for the doped sample,, of thex=0.016 sample is smallervf,, it is shown that effectiveSis significantly sup-
estimated by subtracting of the pure sample and is plotted pressed owing to the SP ordering. In the model of Refs. 9
together in Fig. 2. Thec,,(T) data show exactly the same and 10, the staggered moment is strongly suppressed in be-
temperature dependence as tB€T) data below 0.46 K tween the impurity sites. As a result, a sort of spatially “av-
(T®<0.1 K), indicating again that Eq3) is satisfied in this €raged” spin, which is directly proportional to the magnon
temperature range. Assuming,~10J,~1004J,| and «, Velocity, becomes much smaller than Our crude estima-
~0.1%*¢,is estimated approximately to be 70 m/s from Eg.tion from the low-temperature givesuy, of the x=0.0216
(3). The AF-magnon energy is lower thapu’,~0.12 mev ~ Sample approximately twice as large as that of the
[ (=/4c) is the wave number at the center of the Bril- =0.016 sample, indicating thaf;, rapidly increases witlx.
louin zone anct (=2.9 A) is the distance between adjacentSUChX dependence is consistent with the calculation in Ref.
Cu atoms along the Cu-O chairSince this value is two 10. Note that 1, of around 1300 m/s can be estimated for the
orders of magnitude lower than the SP gdp,§~2 meV), Zn-3.2%-doped sample from the neutron datayhich is
we can conclude that the additional heat transport observe@garly one order of magnitude larger than the value esti-
in the Mg-doped CuGe{ is due to the in-gap AF mated for oux=0.0216 sample.
magnong?> It should be emphasized that the mean free path of the AF
The magnon velocity can be estimated also for #he magnon in the SP gap reaches as long asd\Mi2- 18 um,
=0.0216 samplésampleD) in the same manner. In order to according to Eq(3), i.e., the magnons are mobile to a dis-
subtractiyy, it is convenient to compare/w of sampleD to  tance 60 000 times longer than the spin distagevithout
that of sampleA, which represents the phonon contribution. being scattered. Such coherent motion of the magnons is

«Iw of samplesA andD is plotted againsT? in Fig. 3a). only possible with an extr_emely long correlation Ie_ngth of
the corresponding magnetic ord&rTherefore, the mixture

xIw of sampleD is larger than that of the pure sample. The of SP and AF ordering in the doped CuGe® certainly a
difference corresponds to the magnon contributign'w of  {rye Jong-range order.

sampleD. In Fig. 3b), Km/W and independently obtainedl In summary, we have measured the thermal conductivity
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of pure and Mg-doped CuGeGingle crystals at very low Pphase of spin-gap systems. Our next step is to examine the
temperatures, in order to examine the anomalous lowexcitations in the uniform AF phase in highly substituted
temperature phase in the impurity-doped CuGeg@here SP  CuGeQ, and to seek differences from that of the D-AF
and AF order coexists. While the low-temperature thermaphase.

conductivity is dominated by, in the pure CuGe§ mag- ) )
nons also carry a considerable amount of heat in the Mg- We acknowledge H. Fukuyama, who first suggested this
doped samples. Estimating the magnon velocity, we hav&Xperiment. We also thank M. Saito, M. Nishi, and M. Ish-
shown that the AF magnons are pres'&nthe SP gap, as ikawa for h6|pr| discussions. The work done at the Univer-
predicted by Saito and Fukuyama. It is demonstrated thadity of Tokyo was supported in part by the Grant-in-Aid for
thermal conductivity is a powerful tool in elucidating the COE Research of the Ministry of Education, Science, Sports,

low-energy magnetic excitations in the disorder-induced AFand Culture.
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