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Magnetization of Ag Sinters Made of Compressed Particles of Submicron Grain Size
and Their Coupling to Liquid 3He
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The magnetic properties of sinters of compressed Ag particles of submicron grain size strongly
deviate from the diamagnetic behavior of bulk Ag. Once exposed to a magnetic field, the sinters
keep a permanent magnetic moment. Moreover, they exhibit an additional contribution to the magnetic
moment which is independent of temperature in the investigated temperature range5 # T # 300 K.
The possible origin of these anomalous magnetic properties and their relation to the magnetic field
dependence of the thermal boundary resistance to liquid3He at millikelvin temperatures is discussed.
[S0031-9007(98)06228-0]
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The thermal coupling between a metal and liquid3He
at 10 , T , 100 mK is well described by the acoustic
mismatch theory of Khalatnikov [1] in which the energy
exchange at the solidyliquid interface is attributed solely
to phonons. This leads to a temperature dependence
the thermal boundary resistanceRK ~ T23 and results in
a strong increase of the temperature difference at the int
face towards lower temperatures. This phonon mediat
coupling is not expected to exhibit a dependence on an a
plied magnetic field.

At temperatures below,10 mK, however, the ob-
served boundary resistance between normal fluid3He and
almost any metal clearly deviates from theT 23 behavior
of the energy transfer due to phonons [2]. This deviatio
may be attributed to different origins.

(1) The cooling of liquid helium below,10 mK is
achieved only by increasing the area for energy exchan
using heat exchangers made of compressed metal parti
with typical grain sizes#1 mm. Bulk phonons can propa-
gate only through these sinters with wavelengths smal
than the dimensions of the particle which is fulfilled only a
T . 10 20 mK [2]. However, long wavelength phonons
should be able to propagate across the necks (interconn
ing grain boundaries) of the compressed particles. The
so-called soft phonons are expected to affect the tempe
ture dependence of the boundary resistance [3].

(2) In addition to the heat transfer due to phonons (th
acoustic channel) there is experimental evidence of amag-
netic channelin the energy exchange at the3Heymetal in-
terface atT , 10 mK. Avenelet al. [4] observed that the
boundary resistance between various bulk metals and l
uid 3He depends on the amount of magnetic impurities
the metal. Furthermore, the boundary resistance betwe
metal sinters and liquid3He is strongly affected by an ap-
plied magnetic field. This field dependence, in turn, sig
nificantly depends on the sinter material; whereas Pe
et al. [5] report a decreaseof RK with increasing mag-
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netic field for a platinum sinter, Osheroff and Richardso
[6] observe anincreaseof RK with increasing field and a
saturation atB . 0.2 T for a silver sinter.

The existence of a magnetic contribution to the bounda
resistance and the quest for its origin is a long-standin
problem. Perryet al. [5] interpret their results as a weak
magnetic coupling of conduction electrons to the localize
nuclear moments of a solid3He layer at theplatinum
metal surface. In contrast, Osheroff and Richardson [
point out that this mechanism does not explain the
results for the coupling betweensilver sinter and liquid
3He. They emphasize the influence of surface oxyge
in its various magnetic forms on the magnetic coupling
Theoretical investigations show that neither dipolar no
short-ranged exchange interactions between the spins
liquid 3He and of conduction electrons in metals are stron
enough to make an observable contribution toRK [7].
Based on the results of Ref. [6], Nakayama separat
the observed thermal resistances into two independe
paths of magnetic and nonmagnetic contributions [8
However, the resulting nonmagnetic boundary resistan
still clearly deviates from the bulk value of the acousti
mismatch theory; this discrepancy might then be explain
in terms of low-lying vibrational modes of the Ag sinters
[8]. Clearly, the mechanisms of the heat transfer at th
liquidysolid interface are not yet fully understood.

We report a different approach to obtain information o
the magnetic channel of the heat transfer between liqu
3He and a metal sinter by studying the magnetic properti
of the sinter itself. We have chosen Ag sinters made
particles with submicron grain size [9] as this particula
material is commonly used in low temperature experimen
for the study of liquid and solid helium. The sinter sample
from powders with nominal grain sizes of 40 and 70 nm
were compressed at about 4 kbar to form small cylinde
(f  5 mm, l , 3 5 mm, M , 0.2 0.5 g). Brunauer,
Emmett, and Teller (BET) measurements [10] resulted
© 1998 The American Physical Society 4787
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specific surface areas ofø1.5 m2yg for both powders thus
indicating that the actual grain sizedAg ø 400 nm which
is consistent with the observation of other authors [11
In order to be able to further distinguish between bo
powders, however, we refer to their nominal grain size
throughout the paper.

Measurements were performed in a SQUID magn
tometer [12] at1.5 # T # 300 K and in magnetic fields
0 # B # 6 T. A mass spectroscopy analysis of the pow
ders provided as an average concentration of magnetic
purities (for both grain sizes): Fe. 10 ppm, Mn, Co, and
Ni , 0.5 ppm. We found a large content of Mo in the
powders (40 nm: 0.1%; 70 nm: 0.01%–0.25%) which
consistent with the analysis of Ref. [6] for their Ag sinter

Our data demonstrate that the magnetic properti
of the Ag sinters strongly deviate from those of bul
Ag. Measurements of the magnetization of two bulk A
samples were performed and confirmed the magnetic pro
erties expected for the bulk material. Figures 1(a) an
1(b) show the field dependence of the magnetic mome

FIG. 1. (a) Field dependence of the magnetic moment of
40 nm Ag sinter at: (≤) 5 K, ( ) 10 K, (1) 20 K, (¶) 50 K,
(3) 100 K, ( ) 300 K. Inset: Data after subtraction of the bulk
Ag moment. (b) Data of (a) corrected for the contribution o
localized paramagnetic impurities. Inset: Data after subtracti
of the bulk Ag moment. The solid lines represent the da
measured for bulk Ag.
4788
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m of a sinter made of 40 nm Ag powder; a similar be
havior is observed for the 70 nm sinters too, although t
magnitude of the effects is smaller in the 70 nm sample
Surprisingly, atB , 0.3 T, the measured magnetic mo
ment is almost independent of the applied magnetic fie
Only at B . 0.3 T is the diamagnetic behavior expecte
for bulk Ag observed. However, the absolute value
the magnetic moment is clearly decreased compared
the data of bulk Ag. Thetemperaturedependence of the
magnetic moment in Fig. 1(a) at a constant field reflec
the contribution of localized paramagnetic momen
described by the Brillouin function; the inset in Fig. 1(a
shows the data after subtraction of the magnetic mom
of bulk Ag in order to make this temperature dependen
more transparent. The correction of the data for t
localized moments (according to a fit of the Brillouin
function to the data of the T dependence at consta
field) removes this apparent temperature depende
and causes all data to fall on a single curve [Fig. 1(b
The anomalous field dependence at low fields, howev
remains unaffected. The subtraction of the diamagneti
of bulk Ag from the sinter data presented in Fig. 1(b
reveals the field dependence of an additional contributi
to the magnetization of the sinters [inset of Fig. 1(b
which will be discussed in more detail below. Th
susceptibility of the Ag sinters obtained from the fiel
dependence of their magnetic moment at fieldsB . 1 T
[Fig. 1(b)] is given byx  20.18 memuyg which com-
pares well to the value reported in the literature for bu
Ag (x  20.19 memuyg) [13].

Thermal treatment of the sinters significantly alte
their magnetic properties towards bulk behavior [14] a
during the annealing process more and more particles
melting together. This leads to a clear reduction of th
surface area too, fromø1.5 m2yg before annealing to a
value which is almost the bulk surface value of the samp
of ø2.5 cm2yg. We observe that the anomalous magne
properties of the Ag sinters vanish when the samples
exposed to temperatures close to the melting temperat
of Ag (TM  1235 K) for almost four days. After this
long term heat treatment only a slight deviation of th
magnetic properties of the sinters from the bulk behavi
remains.

Apart from the Langevin paramagnetism of the loca
ized magnetic impurities and the diamagnetism of the A
matrix, there is atemperature independentcontribution
to the magnetic moment of the Ag sinter with a distinc
magnetic field dependence: it first strongly increases w
increasing field until it starts to saturate at,0.3 T and re-
mains constant up toB  6 T [see inset of Fig. 1(b) and
Fig. 2]. This field dependence of the additional contribu
tion to the magnetic moment resembles theB dependence
of thepermanentmagnetic moments which the sinters su
prisingly keep after exposure to a magnetic field (inset
Fig. 2 and Ref. [15]). Moreover, there is a strong simila
ity of the field dependence of this unexpected contributio



VOLUME 80, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 25 MAY 1998

ra-
l-
ero
o-

er.
-

in-
ce

s
rs

in

d
e
t

at

lid
s

nts
ter

of
FIG. 2. Left axis: B dependence of the additional magneti
moment of a 40 nm Ag sinter [see inset of Fig. 1(b)]. Th
symbols are the same as in Figs. 1(a) and 1(b). Right ax
The solid line represents the data of Ref. [6] for the therm
boundary resistance between an Ag sinter and liquid3He. Inset:
Dependence of the permanent magnetic moment (atT  10 K,
normalized toB  6 T) of a 40 and a 70 nm sinter on the
magnetic field the sample was exposed to before the perman
moment was measured (in zero field) [15]. The dotted line
only a guide for the eye.

with that of the thermal boundary resistance between n
mal fluid 3He and an Ag sinter measured by Osheroff an
Richardson [6]. The solid line in Fig. 2 represents the
smoothed data ofRK taken atT ø 1 mK. This striking
agreement in the field dependence of both sets of data
dicates that the magnetic coupling of liquid3He to the
Ag sinter seems to be related to the anomalous magn
properties of the Ag sinter.

Osheroff and Richardson [6] suggested as a ma
source for the observedB dependence ofRK adsorbed
oxygen on the large surface of the sinter. However, w
do not observe any change in the magnetic moment of
sinters atø 20 # T # 45 K, where different magnetic
phase transitions of oxygen should be clearly detecta
[16]. Localized paramagnetic impurities may be rule
out as a possible origin, too, as the data shown in Fig
are already corrected for paramagnetic contributions fro
randomly distributed single impurity moments. Howeve
this correction does not account for any magnetica
ordered moments in the sinter. One might interpret t
field dependence of the additional contribution (Fig. 2)
well as the existence of a permanent magnetic momen
an indication for the presence of a magnetically order
subsystem in the sinter. In the following we will discus
two properties of the permanent magnetic moment of t
sinters which support this idea.

If the anomalous magnetic properties of the sinters a
caused by magnetically ordered impurities, the study
the influence of thermal treatment on the permanent ma
netic moment could provide indications for a possib
ordering temperature. We have generated a perman
moment in the sinters inB  6 T at T  10 K; subse-
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quently, the samples were annealed at various tempe
tures up to 1100 K for 30 minutes. After each annea
ing step, their permanent moments were measured in z
field. Figure 3 shows the decrease of the permanent m
ments with increasing temperature; atT , 800 K their
values are beyond the resolution of our magnetomet
This temperature is remarkably close to the Curie tem
peratureTc of magnetite (Fe3O4; Tc  860 K [17]). A
further observation on the permanent moment may be
terpreted as an even stronger indication for the presen
of Fe3O4 in the sinters: this is the step in theT depen-
dence of the permanent magnetic moment atT . 120 K
which is only weakly observable for the 70 nm sample
but which is much more pronounced for the 40 nm sinte
(inset of Fig. 3 and Ref. [15]). AtT . 120 K, a struc-
tural phase transition occurs in Fe3O4 (electronic ordering
of Fe21 and Fe31 ions on the B sites of the lattice) which
is the cause of the observed metal-insulator transition
Fe3O4 [17]. The step in theT dependence of the perma-
nent magnetic moment of the sinters might be attribute
to this so-called Verwey transition in magnetite [18]. Th
magnetization of an Ag sinter mixed with a small amoun
of Fe3O4 powder shows a strongly enhanced signal

FIG. 3. The permanent moments of the 40 (±) and the 70 nm
(≤) sinters that decrease with increasing temperature. The so
line is a fit to the data. Inset: The left (right) axis correspond
to the permanent moment of a sinter made of a 40 (±) [70 nm
(≤)] powder in the as-received state. The dashed line represe
smoothed data of the permanent moment of a 40 nm sin
mixed with Fe3O4 powder (mass ratioMAgyMoxide ø 400:1;
for this sample, the scale of they axis has to be multiplied by
a factor of ø200). The only weakly observable transition in
the 70 nm samples might be explained by a smaller amount
Fe3O4 in this powder.
4789
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the transition atT . 120 K compared to the sinters made
from the as-received powders. Finally, even the large M
content in the Ag sinters might contribute to their mag
netic properties as the spinel Fe2MoO4 shows a weak fer-
romagnetism below,400 K [19].

For a discussion of a possible mechanism which rela
the magnetic properties of the Ag sinters to their the
mal boundary resistance to liquid3He, we assume just
one ferromagnetically ordered Fe3O4 grain per Ag par-
ticle (dAg . 400 nm) which results in a grain of a size o
ø10 nm. The magnetic momentm of such a ferromag-
netic grain can be estimated to beø20 000mB using m

(Fe3O4 molecule) 4.1mB [17]. Obviously, the Zeeman
splitting in mT fields of these grains does not result in ene
gies of the order ofEykB , mK necessary for the energy
transfer between the liquid and the particles. However
broadening of the Zeeman levels due to dipole-dipole inte
action [kBT . sm0y4pd sm2yr3

NN d for nearest neighbors]
similar to the effect discussed by Osheroff and Richards
for oxygen at the surface [6] may well be of the order o
some mK3 kB and, therefore provide a possible mech
nism for the energy transfer. The suppression of the ma
netic channel by applying magnetic fields of the order
a few tens of milliteslas can then be understood as the
fect of increasing the energy gap between the broaden
Zeeman levels well abovekBT .

To summarize, the magnetic properties of sinters of su
micron Ag particles deviate strongly from the diamagnet
behavior of bulk Ag: we observe an additional contributio
to the magnetic moment which is temperature independ
at least at5 # T # 300 K. There are strong indications
that this additional moment might be caused by magne
cally ordered impurities in the sinter. Its distinct magnet
field dependence agrees well with theB dependence ob-
served for the thermal boundary resistance between liq
3He and an Ag sinter of the same grain size. We co
clude that the magnetic channel for the heat transfer at
liquidysolid interface is mainly governed by a magnetical
ordered subsystem, and that the magnetic coupling is
termined by only a few ppm of the whole sinter materia
Preliminary results of the study of the magnetic properti
of Ag sinters made of a different submicron powder [20
reveal significantly less magnetically ordered impurities
this powder. Zero field boundary resistance measureme
between this sinter and normal fluid3He show much larger
values forRK at T ø 1 mK [21] compared with the Ulvac
sinters; this supports our conclusion that magnetically o
dered impurities play an important role for the magnet
channel of the energy transfer. More systematic studies
the dependence of the magnetic properties of the sinte
in particular, on the concentration of magnetic impuritie
should not only lead to an explanation for the results pr
sented above, they should finally provide a possibility
control the magnetic channel forRK . Moreover, our re-
sults clearly indicate that any study of magnetic properti
4790
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of liquid and solid helium in the environment of an Ag sin
ter may be significantly affected by the magnetic behav
of the sinter.

We are grateful for the contributions of Professor D
F. Pobell and discussions with Professor Dr. D. Rain
and Professor Dr. E. Dormann. We thank Dr. Wiesen
(FZ Rossendorf, Germany) for the mass spectrosco
analysis. This work was supported by Grant No. “K
1713y1” of the DFG and the “HCM - LSF Program
Contract No. CHGE-CT-920002” of the EC.

[1] I. M. Khalatnikov, Zh. Eksp. Teor. Fiz.22, 687 (1952).
[2] See, e.g., T. Nakayama inProgress in Low Temperature

Physics, edited by D. F. Brewer (Elsevier, New York
1989), Vol. XII, p. 115.

[3] R. J. Robertsonet al., Can. J. Phys.61, 164 (1983); A. R.
Rutherford et al., J. Low Temp. Phys.55, 157 (1984);
M. C. Maliepaardet al., Phys. Rev. B32, 6261 (1985).

[4] O. Avenelet al., Phys. Rev. Lett.31, 76 (1973).
[5] T. Perryet al., Phys. Rev. Lett.48, 1831 (1982).
[6] D. D. Osheroff and R. C. Richardson, Phys. Rev. Lett.54,

1178 (1985).
[7] D. L. Mills and M. T. Beal-Monod, Phys. Rev. A10, 343

(1974); 10, 2473 (1974); A. J. Leggett and M. Vuorio
J. Low Temp. Phys.3, 359 (1970).

[8] T. Nakayama, J. Phys. Soc. Jpn.55, 1054 (1986).
[9] Ulvac Metallurgical Co. Ltd., Kyobashi, Chuo-ku, Tokyo

104, Japan.
[10] S. Brunaueret al., J. Am. Chem. Soc.60, 309 (1938).
[11] See, e.g., P. A. Buschet al., Cryogenics24, 445 (1984).
[12] SQUID magnetometer S600, Cryogen. Consult. Ltd.
[13] R. S. Tebble and D. J. Craik,Magnetic Materials(Wiley-

Interscience, London, 1969).
[14] In Ref. [15] we claim that thermal treatment of the sinte

does not affect their magnetic properties. However, th
is valid only for short annealing times of a few minute
to which the samples of Ref. [15] were exposed. Furth
studies with annealing times up to several days led to
results reported in the present work.

[15] R. König et al., J. Low Temp. Phys.106, 581 (1997).
[16] See, e.g., J. M. Dundon, Phys. Lett.61A, 58 (1977); G. C.

DeFotis, Phys. Rev. B23, 4714 (1981).
[17] V. A. M. Brabers, inProgress in Spinel Ferrite Research

edited by K. H. J. Buschow, Handbook of Magnetic Mat
rials Vol. 8 (Elsevier, Amsterdam 1995), p. 189.

[18] This conclusion implies that the Verwey transition tem
perature is not significantly altered in magnetite grains
a size ofø10 nm (the size we assumed to exist in th
Ag sinters, see text) compared to its value in bulk Fe3O4.
This has been experimentally verified for Fe3O4 micro-
crystals of a size of7 # d # 11 nm by Huet al., Hyper-
fine Interact.57, 1871 (1990);68, 421 (1991).

[19] M. Abe et al., J. Phys. Soc. Jpn.33, 1296 (1972), and
references therein.

[20] Tokuriki Honten Co. Ltd., Chiyodaku, Tokyo 101, Japan
[21] W. Itoh et al., Cryogenics31, 453 (1991).


