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Evidence for Condon domains in white tin with two de Haas–van Alphen periods
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The observation of Condon domains in white tin, obtained by muon spin rotation spectroscopy, is reported.
The experiment atT50.08 K for external magnetic fields between 1 and 2.6 T perpendicular to the~100!
crystal plane reveals two ‘‘active’’ extremal cross sections of the Fermi surface, leading to domain formation
with two different de Haas–van Alphen frequenciesF(t2

1) andF(p2
1) at different field ranges and having a

crossover region with no periodicity.
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The periodic phase transitions generating dia- and p
magnetic domains in nonmagnetic (sp) metals in a homoge
neous magnetic fieldH, predicted by Condon,1 arise because
of the instability of the spatially uniform state of the electr
system against ‘‘too large’’ de Haas–van Alphen~dHvA!
oscillations. This is the case for

xa~B,T!5~]M /]B!max.1/4p ~1!

~wherexa is the amplitude of the oscillating susceptibili
x5]M /]B and B, M are components alongH), implying
that the inductionB as a function ofH is multivalued. For a
rod oriented parallel to the field, a discontinuous change oB
from a lower (B1) to a higher (B2) value takes place ineach
dHvA period1,2 with a jump of the magnetization from
diamagnetic@M (B1)[Md,0# to a paramagnetic@M (B2)
[M p.0# state, the ascendingx.0 sections of the cycles
are not realized. For a platelike sample set normal toH, the
discontinuity ofB and the requirement of flux conservatio
lead, for B1,H,B2, to the break-up of the uniform stat
and the coexistence of alternating oppositely magnetized
gions with B5B1 and B5B2, the relative volumes of the
dia- and paramagnetic domains adjusting themselves to
isfy B̄5H.

In the limit T,TD→0 (TD is the Dingle temperature! the
crossing of the edge of a Landau subband with the Fe
level can be interpreted as an electronic topological tra
tion ~ETT!3,4 at a Lifshitz-type singularity. Since this ETT
would, however, be associated with an infinite susceptibil2

corresponding, by Eq.~1!, to an unstable region, it is pre
ceded~and replaced! by a first-order ETT leading to the Con
don domain state. For a quasi-two-dimensional~2D! band
structure the chemical potential is pinned5 in both the para-
and diamagnetic domains at equally high, exactly fill
Landau levels@thenth and (n11)th, respectively#, and zero
resistivity within each domain has been predicted. In norm
metals with overlapping Landau subbands the situation
more complex, the subject keeps attracting intense theo
cal interest.3,6–8

Up to now direct, spectroscopic evidence for Condon
mains was obtained only in two cases: for silver, by NMR9

and recently for Be by muon spin rotation (mSR)
spectroscopy.10,11Yet this scarcity of data does not mean th
Condon domains are ‘‘exotic,’’ it is due to experimental d
PRB 620163-1829/2000/62~18!/11933~4!/$15.00
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ficulties ~a need for highly perfect single crystals, detecti
small field splittingsDB5B22B1'10250 G in applied
fields of someT, at temperatures&1 K). In the ‘‘normal’’
3D case~when the Lifshitz-Kosevich formula2 applies!, Eq.
~1! for the first harmonic of a given dHvA modei has the
form

xa
( i )5~B0 /B!3/2exp~2BD /B!~BT /B!/sinh~BT /B!.1/4p,

~2!

whereB0[B0
( i ) is entirely determined by the Fermi surfac

~FS! parameters~cyclotron mass mi* , extremal cross-
sectional areaAi normal to H, derivativeAi95]2Ai /]dkz

2

along the field direction!, BD[BD
( i )5(2p2kBmi* c/\e)TD

andBT[BT
( i )5(2p2kBmi* c/\e)T. This inequality is always

satisfied for some interval ofB providedTD andT are suffi-
ciently low.2,8,12 The results below show this in the case
metallic ~white! tin.

Tin has several low lying dHvA frequenciesFi
5(\c/2pe)Ai for which the dHvA periodDH5H2/F is
sufficiently long even for moderate fields ofH,3 T. This
facilitates a fine mapping of the oscillatory cycle, which
necessary, since the ‘‘domain’’ section may be only a ve
small fraction of the dHvA period. This is certainly so fo
4pxa*1, but may be the case also for 4pxa@1 when both
T andTD are very low (BT ,BD!B), due to the cusps of the
oscillating magnetizationM in this case2 even when its am-
plitude M0 is much smaller than the period (8p2M0
!DH). The FS of white tin13–19 accommodates eight elec
trons, with electron sheets in the 4th, 5th, and 6th Brillou
zones~BZ!. ForHuu@100#, one has five low-frequency dHvA
oscillations, out of whichthreemodes with the orbitst2

1 ,p2
1,

and e2
2 have sizeable amplitudes.17,18 The lowest frequency

F(t2
1)5446.860.1 T ~Ref. 19! is related to the centra

cross-sectional area of the ‘‘molar tooth’’ shaped FS shee
the sixth zone,15 with cyclotron massm* /m050.2960.06.16

Besides the smallm* , the low ‘‘longitudinal’’ curvature
A9'0.7 at this cross section19 is also favorable for satisfying
Eq. ~2! @B0}1/(m* 2A9)1/3 ~Ref. 2!#. The modep2

1, with
frequencyF(p2

1)52080620 T and with m* /m0 between
0.55 and 0.7916,17 corresponds to the extremal cross sect
of the ‘‘pears and tubes’’ FS sheet in the fifth BZ, and t
orbit e2

2 @F(e2
2)53400650 T# lies on the ‘‘earring’’ sec-

tion in the fourth BZ.
R11 933 ©2000 The American Physical Society
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In the experiment, an ultrahigh purity Sn crystal pla
@1831230.56 mm3, electron mean free path' some mm
~Ref. 13!# grown parallel to the plane~100! was put into the
field Huu@100# and cooled down toT50.08 K. Transverse
field mSR measurements,20 monitoring the time-dependen
polarization @frequency~ies!, damping rate~s!, and ampli-
tude~s!# of the precessingm1 spins were performed at th
surface muon beamlinepM3 of PSI, Villigen, as in Refs. 10
and 11, by varyingH in small steps in different regions be
tween 1 and 2.6 T. The background noise was reduced
use of the MORE~muons-on-request! technique.21

Field scans were done first atH51 T, where prelimi-
nary, low resolution data indicated an oscillating compon
in the linewidth.22 Mapping of a few adjacent dHvA cycle
@with periodDH'H2/F(t2

1)'23 G] gives the result shown
in Fig.1, where the damping ratel ~line broadening in fre-
quency space! is plotted against the applied fieldH. The
sharp peaks are evidence of a periodic, sudden broadeni
the field distribution in the bulk of the sample, which
difficult to reconcile withanysingle-phase state.@Should, for
example, the variation ofl reflect a spreadudBu, due to the
nonellipsoidal shape of the sample and oscillating withx,
the period forl would be that ofux(B)u, i.e.,DH/2.] More-
over, the peaks inl are similar to those observed in Be,10,11

where the ‘‘broad’’ lines turned out to be doublets, wi
distinct frequencies for the dia- and paramagnetic doma
This suggests that the peaks in Fig. 1 are equally signs o
domain splitting, with the correspondingDB'2l/gm
'2.5 G too small to allow resolution of the doublet.~Here
gm52p313.554 kHz G21 is the gyromagnetic ratio of the
muon; the experimental resolution wasDB'628 G.) The
next scans were done in successively higher fields, with
aim to increaseDH and, eventually, alsoDB. At H
51.41 T, the oscillation ofl looks the same as in Fig. 1 bu
with a periodDH546 G twice as long, the peak valuesl
'0.14 ms21 are still too small for an assumed doublet to
resolved.

By a further increase of the field atH52 T, unexpect-
edly, a radically different picture seen in Fig. 2 was obtain

FIG. 1. Variation of the exponential damping ratel(H) ~line
broadening! for T50.08 K for white tin,Huu@100#. The observed
periodDH'23 G agrees with the value of 22.6 G corresponding
the dHvA frequencyF(t2

1)5446.8 T~Ref. 19!. The periodic peak
regions are interpreted as due to the Condon domain state
oppositely magnetized regions, with 4pDM5DB'l/2gm

'2.5 G.
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the points forl(H) seem to be randomly scattered within th
range of 0.120.2 ms21, showing no periodicity at all.
Though the large peaks ofl indicate, here also, the presen
of highly inhomogeneous structures, the relation to quant
oscillations seems to be lost.

At the still higher fieldH52.6 T, as seen in Fig. 3, th
periodicity of l(H) reappears, but the periodDH533 G
shows that the ‘‘active’’ dHvA frequency has changed: i
stead ofF(t2

1) as in Fig. 1, one hasF5H2/DH52064 T.
This agrees with the valueF(p2

1)52080620 T for thep2
1

modein the fifth BZ, for which the curvature of the FS alon
Huu@100# is also small,14 favorizing domain formation.

The appearance of the second ‘‘domain active’’ dHv
mode gives the explanation for the absence of periodi
near H52 T. Equation ~1! predicts periodic instabilities
when a single mode, with amplitudexa

( i ).1/4p, is ‘‘domi-
nant’’ in the given field range. The prevalence of one mo
in certain field ranges is due to the fact that, by Eq.~2!,
xa

( i )(B) has a maximum for each mode, with the positions

ith

FIG. 2. Loss of periodicity in the damping ratel(H) nearH
52 T. The peaks mark, as before, the presence of highly inho
geneous magnetization and possibly domains, but these cann
related to any single dHvA mode.

FIG. 3. Periodicity reappearing in the damping ratel(H) near
H52.6 T, related to the dHvA modep2

1. The expected period is
DH5H2/F(p2

1)532.860.4 G~Ref. 19!, the solid curve is a fit by
a finite Fourier series~up to the 4th harmonics! with DH533.3
60.005 G. The peak valuesl'0.4 ms21 lead to the estimate
DB'9 G ~see Fig. 4!.
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the maxima shifted upwards with increasingmi* .2 As Figs. 1
and 3 show, forH<1.41 T andH*2.6 T one has the
dominating oscillationst2

1 and p2
1, respectively. However

Eq. ~1! is thegeneralcondition for a Condon instability, no
matter whether this results from a single quantum oscillat
or from a number of superposed modes. In the present c
as the increasingH reaches the range 1.41,H,2.6 T, the
already decreasing amplitude fort2

1 and the still growing one
for p2

1 become comparable and, at someB values, thesuper-
position of the two modesx(B)5( i 5t

2
1 ,p

2
1xa

( i )cos(2pFi /B

1fi) satisfiesx.1/4p. The irregularl(H) sequence ob-
served atH52 T is due to the incommensurate frequenci
implying no periodicity for the position or length of the do
main sections.

The maximuml'0.4 ms21 in Fig. 3, if due to a doublet,
gives the estimateDB'2l/gm&9 G, already resolvable fo
sufficiently narrow component lines. Although a splitting
frequency space was visible only for the top value atH
526067 Oe, the systematic variation of the lineshape in
cates indeed the presence of two components, with inte
ties ‘‘flowing’’ from the lower ~diamagnetic! line to the
higher ~paramagnetic! one asH increases.

The doublet structure is quantitatively confirmed by
standard analysis of the observed time series of them1 po-
larizationP(t), by use of the fit function11

P~ t;H !5 (
j 51,2

aj~H !e2l( j )(H)tcos@gmBj~H !t1c#, ~3!

with parametersaj ,l ( j ),Bj ,c. For a uniform state one ex
pects to findB1(H)5B2(H), while in the presence of Con
don domains two distinct fieldsB1 ,B2 should result, both
staying constant along the domain section of the dH
cycle, whereasa1(H),a2(H) should vary linearly, with the
suma11a2 independent ofH. The parameters were allowe
to vary freely, except for the plausible restrictionl (1)

5l (2) for the doublet components.
The result of the fit forB(H) is seen in Fig. 4, showing

sections with two branches ofB separated byDB'8 G in
each dHvA cycle. The approximately flatB1 ,B2 branches in
the first and third cycles are characteristic to the dom
state, though there are no ‘‘plateaus’’ in the middle dom

FIG. 4. InductionB as a function of the applied fieldH for the
same field range as in Fig. 3. The twoB branches indicate section
with Condon domains, with a splitting ofDB'8 G. The nonideal
shape of the plateaus is discussed in the text.
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section. The reason for this is not clear. An incomplete
main formation in some cycles may occur because of
smallness of the gain in free energy~scaled by 4pxa) that
drives the transformation,2 or due to the narrowness of th
domain sectiondH5nDB (n'0.95 is the demagnetizing
coefficient for this sample!. Also, DB here is still near to the
resolution limit, and the statistical uncertainties in the d
may lead to large distortions in the fitted shape of theB(H)
branches.

The m1 asymmetries~amplitudes! ai(H) of the doublet
components are plotted in Fig. 5 for the first domain sect
of Fig. 4. The linear variations ofa1 anda2 ~for the dia- and
paramagnetic components, respectively! with decreasingH
show the readjustment of the domain volumes predicted
the ‘‘Maxwell construction’’ for B̄5H. For H.26070 Oe
the crystal is uniform and the asymmetry is constant.

FIG. 6. Damping ratel vs temperature at different applie
fields:B51 T (h) and 1.4 T (n) for modet2

1, and 2.6 T (s) for
modep2

1. Domains are absent above the critical temperatureT0,
below T0 the field splittingDB}l(T) increases with decreasin
temperature.

FIG. 5. Asymmetries (} volume fractions! a1 (s) and
a2 (n) for the dia- and paramagnetic domains, respectively, in
first Condon domain section of Fig. 4, showing the predicted lin
behavior. For clarity, part of theB(H) curve is redrawn with the
corresponding symbols for the two branches, the markh stands for
the uniform phase. The pairs of points forai with the same symbol
are data from two different detectors mounted at opposite side
the sample.
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With the increase of temperature the dHvA amplitude a
thereby the splittingDB should, according to Eq.~2!, mono-
tonically decrease andDB disappears atT5T0 determined
by 4pxa

( i )(T0)51. Figure 6 shows this predicted behavior
l(T)}DB(T) for the two modes, at fields corresponding
equal volumes of dia- and paramagnetic regions. FoT
.T0 one hasl'l0, wherel0 is characteristic for theuni-
form state of the sample and does not vary at this temp
ture range.

In conclusion, evidence for dia- and paramagnetic
mains in white tin has been obtained. Even for the relativ
low fields of 122.6 T, the topology of the Fermi surfac
provides two domain generating dHvA oscillations fo
Huu@100#: modet2

1 is dominant forH<1.4 T and modep2
1

nearH52.6 T. In the intermediate field range domain fo
mation is driven by the superposition of the two modes
s.

s.

n
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d
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comparable amplitudes, resulting in no periodicity in the
quence of domain states. The field splittingDB54p(M p

2Md)'8 G due to the opposite domain magnetizatio
Md ,M p could, for thep2

1 mode, be resolved in themSR
signal, with line intensities showing the predicted linear b
havior. For thet2

1 oscillationDB is smaller, but the double
structure, unresolved in this case, is manifest in itself in
periodically arising sharp peaks of the line broadeningl(B).
For both ‘‘domain active’’ modes,l(T)}DB(T) decreases
monotonically with increasing temperature.

We are greatly indebted to V. F. Gantmakher for prov
ing us with the tin crystal, and to the PSI staff members
the excellent muon beam. One of the authors~V.E.! is grate-
ful for Grant No. 98-02-17142 of the Russian Fund for Fu
damental Research.
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