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Specific heat below 1 mK and the electric-field gradient in indium
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The specific heat of polycrystalline indium has been measured to well below 1 mK to determine the nuclear
guadrupole interaction and to study the nuclear spin-spin interaction. The sign of the electric field grgdient
is found to be positive instead of the negative sign reported previously. This sign agrees with a recent
calculation based on band theory. The local field coming from the nuclear spin-spin interaction is determined
to beb;,;=43=5 mT in indium.[S0163-18286)04625-3

[. INTRODUCTION NQR at temperatures down to 0.1 miK.
In this paper, we present results of specific heat measure-

The nuclear spin system is extremely “pure” at very low ments for polycrystalline In to well below 1 mK.The sign
temperature because the entropy due to the other degreesaifeqin In is obtained as positive instead of the negative sign
freedom are no longer existing. Nuclear magnetic ordering ifeported previously. By establishing the signeaf, we can
metals has been studied for €ag,? Sc? In in Auln,,*and  discuss the nuclear spin-spin interaction of In from an analy-
hyperfine-enhanced magnetic systémEhese spin systems Sis of the specific heat.
have no sizable nuclear quadrupole interaction except for Sc.
Although the nuclear quadrupole interaction causes a limita- ||, NUCLEAR QUADRUPOLE INTERACTION IN In
tion of the final temperature of nuclear demagnetization o .
cooling, the quadrupole nuclear spin systems have unique The indium nucleus with a nuclear spir=9/2 has two
anisotropy; Ising or planar anisotropy appears depending oi§otopes of“In and **%n with their natural abundance of
the sign of the nuclear quadrupole coupling constant. ?15-7% and 4.3%, relslpectlvely. Their magnetic moments are
Among various pure metals, indiufin) has a large nuclear  #=15.534uy and**%u=-+5.523uy, and their quadrupole
quadrupole interaction which is suitable for the study of an-noments'*®Q=+0.83 b and"*Q=+0.82 b:° Here uy is
isotropic Spin Systems_ Moreover' In has a |arge nuclear Cl}he nuclear magneton. The interaction between the electric
rie constant, a small Korringa constant, and a high thermafiuadrupole momen® and the electric field gradieretq at
conductivity. These properties are useful as a nuclear refrigh€ nucleus is expressed as
erant as well with the large specific heat in the temperature
range as discussed below. H o= e’qQ

For actual use of In as a coolant, it is also essential to QT 41(21-1)
know the detailed energy level diagram of the nuclear spin
where the electric quadrupole coupling constafgQ/h where thez axis is parallel to the axis (the symmetry axis
plays an important role. While the absolute valeéqQ/h| of the electronic field gradientSince the crystal structure of
of 45.2 MHz is obtained from the nuclear quadrupole resoin is body-centered tetragonagq does not vanish. The
nance(NQR) at 4.2 K/~ the sign has been still under con- quadrupole interaction splits the spin stéte-9/2) into five
troversy. degenerated levelém,=+1/2,+3/2,+5/2,+7/2,+9/2). For

For the experimental study several works have been cathe caseeg>0, the ground state is1,=*1/2 and the energy
ried out to cool In in the millikelvin temperature rantfel?  splitting to the first excited state(m,=+3/2) is
The first of them was reported by SymkbThe lowest tem-  |e?qQ/24kg|=0.09 mK, whereas for the caseq<0, the
perature was about 2 mK because of poor thermal contagiround state isn,==*=9/2 and the energy splitting to the first
between the In sample and thermometer. Although it was nogxcited statem,==*7/2) is |e2qQ/6kB‘=0.36 mK. At tem-
as low as expected, the experiment showed a possibility tperatures low compared to the energy difference of two low-
cool other materials by demagnetization of In. Since thenest doublets, the spin system shows anisotropy. For the posi-
Tanget al? studied the specific heat of In in the temperaturetive quadrupole coupling constant, it has a planar anisotropy
region between 1 and 10 mK and concluded the negativbecause the spins are constrained to lie withinxpelane.
sign of eq. However, it is difficult to discriminate between For the negative coupling constant, it would show an Ising
the positive and negative signs, because the correspondimmisotropy?
specific heat difference is very small in their temperature The sign ofeqin In has been studied experimentally by
range. To determine the sign definitely, the specific heat haseveral methods so far. The first study is on the NQR fre-
to be measured in a temperature region much lower than thguency shift as a function of the solute concentration in In-
characteristic temperature of the quadrupole couplingich alloysi®'’The second study is opray anisotropy from
(le?qQ/kg|=2 mK). Another method to determine the sign the isotope™n™ in In.*® Another work to determine the
of eqis NQR below the characteristic temperature. The sigrsign ofeq in In is from the specific heat measurements by
of eq in scandium metal has been recently determined byrang et al!? The negative sign is deduced from all these

[312=1(1+1)], 1)
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experiments. However, the first method is somewhat indi- T T
rect, since their analysis is based on the assumption that the o B=30mT
field gradienteq does not depend on the particular impuri- 10 = -
ties, but only on the lattice parameters. In the second experi- ok
ment, the negative sign &’qQ is derived, but the sign of _@
e cannot be determined without knowledge of the sig@of =3
in 2n™. The sign obtained by Tanet al? is not convinc- o
ing as will be discussed later. 1
From a theoretical point of view, there are two contribu- 3
tions toeqin In. The first contribution is from ionic cores in '“6' L
the tetragonal lattice. The second one is due to sighar- T(mK)
acter of the conduction electron. Theoretical calculation of
the ionic contribution tceq gives a negative sign and only AN T Y ot
20% of the absolute valife’ Recently, Leibericret al. cal- 0 B= 80 mT
culated not only the ionic contribution teq, but also the ‘N
conduction electron contributiohl. The conduction electron
wave functions were determined by the use of augmented
plane wave (APW) method. They obtained the results
eq(theoh=+89.1x 10" esu/cni, which sign is inconsistent
with all the experimental results mentioned above. Its abso- 1
lute value agrees witheq(exp}|=82.08<10" esu/cni de- ol il
rived from the NQR data on the assumptiontbfQ=+0.76 0.1 ] 0.1
b for In. This agreement suggests to us studying the nuclear TmK) T(mK)
guadrupole interaction in In carefully.
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FIG. 1. Specific heat of In in fields of 30, 40, 80, and 120 mT.
The solid lines are the calculated specific heat for the poséiye
and the dashed lines are for the negatgin the field.

The specific heat of In nuclear spin without spin-spin in- i o
teractions is calculated numerically using a single-sitec@PPer in the magnetic field. The copper stage was precooled
Hamiltonian given by down to 12 mK h 9 T by ahome made dilution refrigerator.

The second stage is In sample itself. The second stage mag-
H=Hgq—gnunl B cosf—gnunlxB sine. 2) net is a home made superconducting magnet with an outer
) ) ) ) ) Nb tube shield. The inner diameter of the magnet is 16 mm,
HereH, is the quadrupole interaction given in Ed). The 514 the field homogeneity is better than 1% over the sample
se_cond and third terms are the_nuclear Zeer_nan_energy whe(rf_5 cm long. Its remanent field is less than 1 mT after
¢ is the angle between the axis and the direction of the demagnetization from 1.2 T. This magnet was installed in
applied magnetic field. The energy eigenvalues are calcu,c,ym space and thermally anchored to the mixing cham-
lated by a n_qmencal d|e}gonal|zat|on qf the Hamﬂ_toman. Theper. The polycrystalline indium rod of 99.99999% puﬁ?y,
molar specific hea€(6) in the magnetic field is given by 12 mm diameter, and 15 mm long was cut along the cylinder
2 axis. Two of the half cylinders were soldered to the Ag ther-
C(0)=RpB% >, (EizeEiB/Z)_(z EieEiﬁ/z) } mal link with In itself as solder. To reduce eddy current
heating, slots were cut on the sample. The thickness of the
3 fins is about 3 mm. The amount of In sample is 0.113 mol. A
whereR is the gas constang=1/kgT, E; is theith energy  pure Pt wire wound noninductively around a small Ag post is
eigenvalue of Eq(2), andZ is the partition function. We used as a heater. The thermal link and the heater post were
assume that we find all orientations of the crystal axis withbolted to the Ag base plate with Ag-Si screws. The Ag base
respect to the applied field. For a polycrystal, we must thereplate is thermally connected with the Cu stage through a tin
fore averageC(6) over all solid angles. The specific heat of heat switch and is supported mechanically by four Vespel
each isotope is calculated independently. Although the difSP-22 rods. The temperatures of both nuclear stages were
ference of the specific heat is very small, the contributions ofmeasured with Pt NMR thermometers after calibration
119 and™*3n are averaged with respect to the natural abunagainst @He melting curve thermometéfHe MCT).?"#?
dance. The calculated results usifgfqQ/h|=45.24 MHz The In sample itself was demagnetized typically from
for In'*® and |e?qQ/h|=44.60 MHz (Ref. 7) for *3n are  T;=0.22 mK andB;=1.2 T to final measuring fields, for
shown in Fig. 1. The solid line is the specific heat éar>0,  example, atB;=30 mT andT;=61 uK. A typical sweep
and the dashed line represents thatdqr0. In a later sec- time from 1.2 T to 30 mT was about 8 h. Since the bulk of In
tion we use(C(6)),,, as the averaged specific heat over ran-and Ag was demagnetized, eddy current heating due to de-

Ill. CALCULATION OF THE SPECIFIC HEAT OF In

dom orientations foeqg>0. magnetization was not negligible. Hence the rate was chosen
to minimize the total heat leak due to the external heat leaks
IV. EXPERIMENTAL DETAILS and the eddy current heating. After the demagnetization, the

specific heat was measured using the adiabatic heat pulse
A two-stage nuclear demagnetization scheme was used taethod. In order to keep In in the normal state, a magnetic
cool the In sample. The first stage is effectively 24 mol offield larger thanB. (29.3 mTj) was applied. The addendum
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consists mainly of Ag parts of about 240 g. The addendumesistance. The electric resistance of the Ag-In boundary is
specific heat has been measured to be too small comparetitained to be about 1{hfrom our measurement at 4.2 K.

with the sample specific heat below 20 mK. The third one is the thermal conductance through the thermal
link. The residual resistivity ratigRRR) of our Ag thermal
V. RESULTS AND DISCUSSION link is about 1300. Then, for the cross sectir0.08 cnt
_ and lengthL =7 cm, the electric resistance is 100.nThe

A. Sign of eq last possible origin is the press contact of the Ag thermal link

The measured specific heat per mole in fields of 30, 40against the support plate with six 3-mm-diam screws of
80, and 120 mT are shown by open circles in Fig. 1. TheAg-Si2# Its electronic resistance is estimated to be on the
calculated specific heat fm’q<0 (dashed ling has a maxi- order of 10 1624 A|thOUgh these four thermal resistances are
mum around 0.2 mK, while the calculated specific heat forconnected in series, the temperature difference is mainly de-
eq>0 (solid line) flattens below 0.3 mK. This difference is termined by the Ag thermal link itself. The electrical resis-
obvious in the lower magnetic fields. The experimental datdance of 100 & corresponds to the thermal conductance
clearly show positiveeq for In (the sign ofQ in In is posi-  0-25T (W/K) based on the Wiedemann-Franz law.
tive). At the same time a rapid increase of the specific heat is Now we assume thd enters into one end of the thermal
seen below 0.1 mK. This will be discussed later. The positivdink with the thermal conductance,TA/L, the temperature
sign is consistent with the theory of Leberiehal,*° but not  difference between In and the thermometer can be derived
with the former specific heat experiméfitThe discrepancy from the equation
is explained as follows. Since the difference in the calculated
specific heat for both signs efq is small in the temperature
region above 1 mK, the data of Taegal. can be explained
by both signs ofeqg with a slightly different absolute value.

In addition, the®He MCT scale they used is an old one. Therefore the specific heat and temperature of In are ex-
Namely, the fixed points adopted by them are the superfluigressed as Eq6) on the condition of /K ,<T,. and

A transition(T,=2.709 mK) and the magnetic ordering tran- ATp<T 1eas Where Kg=koA/L and T iS the averaged
sition (Tg=1.082 mK. These temperatures afé0-15%  temperature of the thermometer before and after a heat pulse,
higher than those now accept€,=2.49 mK andT 3=0.93

mK).?* Therefore it is not adequate to determine the sign Cin=Crnead 1+ (O/K o) Treas 2%,

from their specific heat data. The positigg obtained in our (6)
experiment means that the ground state of the nuclear spin is =T (O/KY/T

m,=*+1/2 and has the planer anisotropy. in= Tmeas™ (Q/Ko)/ Tmeas

B Thus the temperature difference between the sample and
B. Specific heat below 0.1 mK thermometer causes tAe >-dependent deviation of the spe-

The specific heat results in low magnetic fields seem t¢ific heat from the real value. A similar phenomenon has
increase rapidly at low temperatures below 0.1 mK as showalready been reported by Krusius and Pickgftheir T~°
in Fig. 1. One interpretation of this rapid increase might bedeviation to the measured specific h€gf.,sof arsenic was
attributed to a nuclear spin ordering in In. However, the in_deteCtEd below 26 mK because the thermal resistance has a
crease can be well explained by the temperature differenck - dependence which is due to the boundary resistance be-
between In nuclei and the Pt NMR thermometer as discusseveen metal and insulator. The observed heat leak to our
below. In the present heat pulse method, the specific heat fecond stage at the field 30 mT is 0.12 nW. The corrected
obtained as the ratio of the applied heat inA@,, and the specific heat for the finite thermal conductivity at 30 mT is
temperature increaseT .. The measured specific he@t,., Shown in Fig. 2 for several thermal conductance values. A
is given by sharp increase of the specific heat disappears for the thermal
conductanc&,T=0.09 T (W/K). Almost the same result is
Creas= AQqap/ATpy. (4)  obtained for 40 mT data. This thermal conductance value is
) - smaller by a factor of about 3 than that estimated above by
Cmeasis equal to the real specific heat of (8,) as long as  {he yse of the Wiedermann-Franz law. Since a similar dete-
Tp=Tn. However, the sample stage is not completely adiayigration of the thermal conductivity in pure metals has been
batic or a small heat lea® flows into In nuclei. This heat gpserved by several group®?’ it seems reasonable to ex-
leak causes the temperature difference between the tempejgect that the rapid increase of the specific heat below 0.1 mK
ture of the In nuclear spifiT|,) and that of the Pt thermom- s due to the finite thermal conductivity and does not arise

eter (Tpy. ) o ) from a nuclear ordering of In nuclei.
There are four possible origins which may cause the tem-

perature difference in our system. The first one is the cou-
pling between the In nuclear spin and conduction electron. It
is negligible because of the estimated relaxation time from
the small Korringa constari, T=0.08 sec k2% The second Since the value 082qQ is definitely determined for In as
origin is the boundary thermal resistance between In and thim the above, one can exactly calculate the specific heat of
Ag thermal link. If we assume that the Wiedemann-Franzhe quadrupole interaction for polycrystalline In. Hence the
law holds even in the present low-temperature region, themuclear spin-spin interaction can be derived from the differ-
mal conductance of a metal can be estimated from its electrience AC) between the measured specific héa,..4 and

. KoA
Q=5 (ToTh)- 5

C. Nuclear spin-spin interaction from “high-temperature”
specific heat measurements
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FIG. 3. Difference AC) between the measured specific heat

FIG. 2. Specific heat of In in a field of 30 mT using the correc- anq the calculated o€ (6)),4, Vs |/ T2 in various fields. Solid lines
tion of the heat leak described in the text for various thermal conyre the fitted lines using Eq7) for T>0.5 mK.

ductivities. The solid line is the calculated specific heat for the

positiveeq at 30 mT. Crneas™ (C( 6)>sample: (M o) b%t/Tz- (10

the calculated ongC(6)),,,). From the high-temperature ap- Although we do not know the real distribution of orientation

proximation,AC is expressed as in our sample, an extrapolation to zero field in Fig. 4 gives us
the real local field ofb,;=43=5 mT because there is no

(7)  preferred axis in zero field.

Information about the distribution of crystal orientations
in our sample can be obtained from Fig. 4, is found to
increase as the field is applied. By comparison of E@s.
and(10), it becomes clear thaC(6))sampie Should be larger
than(C(0)),.,- Therefore the distribution of crystal orienta-
tions against the applied field in our polycrystal is not ran-

AC=Creas™ <C( 0)>ran: ()\/Mo)blzoc/-rz'

where\ is a nuclear Curie constant per mo}e, is the per-
meability of free space, anb,.. is a local field. When the
b,,c comes from the nuclear spin-spin interaction aldng,
is equal tob;:

I(1+1) ) dom. The distribution is biased towards-90° (perpendicu-
Bin= m ; (A7, (8 lar to thec axis) becauseC(6) increases a# increases and

has a maximum a#=90° at temperatures to which the high-

whereA;; is a nuclear spin-spin interaction betweeand j

site defined by 0.015

IIIIIIIIIIIIIIII

T

Him:z A”lllj (9) ~
=) B o001

The local fieldb,,, can be derived from C vs T~2 plot as o

Q
shown in Fig. 3. The field dependence of derivieg. is _92
shown in Fig. 4. If the contributions of the quadrupole spe-
cific heat and the Zeeman specific heat are extracted in Eq.
(7) properly, the derived,,. should not show any field de-
pendence. The obtained field dependenck,gfcan be un- E

0.005

IIIIIII‘III

IIII!IIIIlIIII'II

derstood as follows. In our calculation of the specific heat, 0

we assumed that our sample consists of many randomly ori- 0 0.005 001 0.015
ented grains. On the other hand, it is well known that a

well-annealed high-purity polycrystalline meta(RRR By (T?)

~10 000 has large grains of cm sizes. Hence it is natural to

assume that our In sample also consists of a few large grains. fiG. 4. External field dependence of the local fieldb,)? is
Therefore, to estimate the real local figlloi,), we should  piotted against(B,,)? because the specific heat on the high-
use the averaged specific h&&t(6))sampie acCOrding to the  temperature approximation is expressed as a functiofBgfiT)?,
distribution of orientation of grains in the sample. The rela-where BZ;=bf,+b3qq+ B3, and beqq is the local field corre-
tion betweenC(6))sampie@ndbjn is given by sponding to the nuclear quadrupole interaction.
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S— — molecular field approximation, wherz=12 is used as the
! coordination number. Because of the large nuclear spin

O I =9/2 and the strong interactiofy;; , a high ordering tem-

— peratureTe =160 uK is predictejd. However, the simple
s : molecular field approximation usually giv@%" higher than
- the realT; because of neglect of the short-range magnetic
. ordering. The temperature range studied in the f&+30
T mT is down to 64uK, which goes much below the simple
- estimatedT" = 160 uK. There can be two interpretations of
our measured specific heat below 10R. The first one tells
us that we observed the high-temperature tail of the nuclear
magnetic transition specific heat peak. The second interpre-
tation assumes certain thermal resistance between the plati-
num NMR thermometer and the In sample with measured

C (JK'mol")

- (C(e)>ran

----- C(6 = 90°)

r -—CO®=0°) \ heat leaks. The obtained data can be almost explained by the
- | . second interpretation, and yet we may have seen the precur-
B 1 - 1 sor of the nuclear ordering at the lowest temperatures. Then

: the real situation of the magnetic ordering has to be studied
T(mK) under three conditions: The specific heat has to be mea-

sured in temperatures lower than K. The heat leaks to In
FIG. 5. Calculated specific hea8(6=0°), C(6=90°, and Samples should be small enough. The magnetic field which
(C(6))ran With the experimental result at 30 mT{C(6))sampiclies ~ destroys the superconductivity of In should be applied in
betweenC(68=90° and{C(6))a,- parallel to thec axis since the ground state of the In spin
(m,==1/2) has planar anisotropfthe c axis is a hard axjs

temperature approximation can be applied. For the differenience a single crystal should be used for further study.
preferred orientatiorid=0°), the by, should decrease as the

field is increased. To clarify the relation betwe€h6=0°), VI. CONCLUSION

C(6=90°, and(C(0));a, in a field of B=30 mT, these are . .
shown in Fig. 5 with experimental datéC(6))e,mpclies be- We have measured the specific heat of polycrystalline In
tweenC(6=90°) and(C(#)) sampie well below 1 mK. The positive sign ofq is definitely de-

ran-

Using b,,=43=5 mT, the nuclear spin-spin interaction termined. From the high-temperature specific heat analysis

; _ T>0.5 mK), the nuclear spin-spin interaction
A;; can be estimated to be\;;|/kg=1.6+0.2 uK from Eq. ( , :
(83 Here we assumed the slzlalm:interaction valyeor the | Aij|/kg=1.6+0.2 uK and the corresponding the local field

four nearest neighbors and the eight next-nearest neighborgnt=43=5 mT are derived. Information on the crystal orien-

because the distance to the nearest neighbors is close to th@fion of our polycrystal sample is obtained also. The real

of the next-nearest neighbors. The dipole interaction coe1‘fi-n”C|e":lr magnetic ordering with the planer anisotropy should

cient of In, (uoh?/4m)y2/r3/kg, is of the order 0.0uK,  appear below 64K.
where y is a gyromagnetic ratio of the nucleus ands a
separation of the nearest neighbors in In. Therefore the
Rudermann-Kittel exchange interaction is dominangijn. We would like to thank T. Igarashi and K. Sakayori for

Our estimate of the Rudermann-Kittel interaction usingtechnical assistance and Dr. H. Akimoto for his help in the
the Fermi wave vector in the free electron model for In sug-experiment. We wish to thank the members of the ULT
gests a ferromagnetic spin ordering. The ordering temperagroup in the ISSP University of Tokyo for valuable discus-
ture is given asT" =z|A;|I(1+1)/3kg at zero field in the  sions.
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