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Magnetic quantum phase transition in MnSi under hydrostatic pressure
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The crossover from a spin-polarized to nonpolarized state as a function of pregsuael¢w temperature
(T) has been investigated in MnSi via high-precision measurements of the electrical resistimlymagnetic
susceptibilityy. In the magnetic phasg& p.=14.6 kbajJ, p«T? at low T as expected for a Fermi liquid in
a weakly polarized state. In the nonmagnetic phase.), p vs T is consistent with the predictions for a
marginal Fermi liquid model in which nearly critical spin fluctuations of long wavelength lead to a singular
quasiparticle interaction. The transition is second ordepfop* =12 kbar and weakl§irst order in the range
p* <p<p., where the transition temperatufg lies below a peak of vs T. The variation ofT. with p and
of both p and y with T and p may be understood in terms of a model of quantum critical phenomena.
[S0163-18207)04213-9

I. INTRODUCTION critical magnetic fluctuations in MnSi, which have been ex-
tensively studied experimentafignd theoretically:® are es-

In the Landau model of a normal Fermi liquid, fermion sentially of long wavelength. This together with a weak spin-
quasiparticles are regarded, in general, as interacting entitiesrbit coupling and a cubic crystal structu®20) suggests
but the scattering on the Fermi surface at absolute zero ihat the important components of the spin fluctuations might
assumed to be “nondiffractive® The assumption of scatter- be described in a first approximation in terms of an isotropic
ing processes at=0, which involve particle exchanges but homogeneous model. This model is equivalent, in details
no other momentum transfer, can clearly break down whemost relevant to our discussion, to that employed in cases in
the residual interaction has an attractive component. In thighich transverse currents associated with gauge fiéfiis
case, quasiparticles may form bound states and condense int@ther than critical spin fluctuations of interest heaee im-
superconducting or magnetically ordered phases. There igortant.
however, another way in which the normal description can At ambient pressure in zero magnetic field and below
fail. The suppression of real scattering processes by the Pauti.~ 30 K, MnSi appears ferromagnetically aligned over dis-
principle is based on the premise that the quasiparticle intetances shorter than the wavelengthm(®=190 A) of a
action is both repulsive and nonsingular for transitions neagradual, weakly temperature and pressure-dependent, helical
the Fermi surface. This latter postulate is not satisfied, fomodulation®*° The magnitude ofT, is far below that ex-
instance, for the case of the Lorentz magnetic force betweepected from conventional band thebrput consistent, as are
moving charged Though the effects of the Lorentz magnetic other low-temperature thermal properties, with the predic-
force may become shielded at long range for a many-bodyions of a model in which the nonlinear effects of spin fluc-
system, the residual quasiparticle interaction produced byyations are treated in a self-consistent rotationally invariant
this magnetic coupling is expected to remain long range. IHartree approximatiofr*? It is found thatT, falls monotoni-

can hence lead to a cross section for quasiparticle scatteringlly with increasing pressur@ and tends to zero at
which is singular for small momentum transfers at the Fermiy_=14.6 kbart> the critical pressure of a magnetic quan-

level. An analogous contribution, but of much greatertym phase transition.

strength and potential importance, arises from an effective

coupling associated with a molecular exchange field pro-

d_uced by quasiparticles ina r_n_edium on the verge.of_ a con- Il. EXPERIMENTAL TECHNIQUES

tinuous magnetic phase transition. The range of this interac-

tion may be measured in terms of the magnetic correlation The nature of the low-temperature state of MnSi ngar

length which diverges as the magnetic critical politis  was investigated via measurements of the electrical resistiv-

approached. Thus, in systems of reduced dimensionality iity p and magnetic susceptibility in pressure and tempera-

which T tends to be automatically suppressed by enhancetlire ranges extending up to 18 kbar and down to 20 mK,

fluctuations of the order parameter or in three-dimensionatespectively. A number of single crystig® with different

materials in whichr . is quenched by means of some controlresidual resistivity ratios [RRR=p(293 K)/p(T— 0 K)]

parameter, such as hydrostatic pressye the Fermi liquid  were studied. Except when otherwise indicated the results

description, in its familiar form, may break down. presented below were obtained using a specimen from the
In this paper we consider thatransition metal MnSi, in  sample with the highest RRR~(243) that had previously

which the relevant exchange field, capable of producing ®een used in a de Haas—van Alphen investigdttoftom

long-range interaction between fermionic quasiparticles, ishe observed scattering or Dingle temperature the carrier

associated with overdamped spin fluctuations. The nearlynean free path in this sample was estimated to be 3000 A.
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Pressures were generated in a conventional piston- 30 ‘
cylinder clamp cell with a BeCu outer and maraging steel 05
inner sleeve. An equal volume mixture of iso- and ( 17.25 oar
n-pentane, which remains liquid at room temperature over
the range of pressures explored, was used as the pressure- |

ayge . . 0.25\7
transmitting medium. The pressure was inferred from the 0 i 1000
resistivity of a calibrated manganin coil at room temperature
and from the superconducting transition of Sn at low tem-
perature. A calibration of our cell with the above transmit-
ting medium shows that the pressure of the cell is essentially
temperature independent belewl20 K, i.e., in the range of
interest in this study® The temperature was measured with
calibrated Ge and carbon-glass resistors as well as a GaAs
diode. The sensors were all heat sunk to a Cu enclosure
tightly fitted around the pressure cell. Electrical and addi-
tional thermal contact was achieved with Cu wires heat sunk
on the Cu enclosure and soldered to the sample via the eu-
tectic alloy AuygSng,. To maintain adequate pressure and FIG. 1. The resistivity vs temperature at different pressures
temperature homogeneity, the cell was precooled sldiady  (5.55, 8.35, 10.40, 11.40, 12.90, 13.55, 14.30, and 15.50 kbar going
low 0.3 K/min) and measurements at low temperature carriedlown, starting from the top curve at the far righthe magnetic
out with sweep rates below 20 mK/min. Under these condiordering temperaturd. (marked by the shoulder ip vs T) de-
tions no evidence for inhomogeneities in warming and cool<reases towards absolute zeropgt=14.6 kbar. Fop>p. a non-
ing cycles was observed in either the Sn transition or jnFermi-liquid form ofp vsT (i.e., a variatiorT” with 5<2) is seen
measurements of the resistivity and susceptibility of MnS;.to extend over several orders of magnitude down to mK tempera-
In particular, the width of the Sn transition as measured refures(inses.
sistively or inductively(as part of the background signal in =~ o ) )
the susceptibility datavas found to be independent of pres- tion limit. A non—negllg_lble_|mag|nary component, attrlbutgd
sure in our experimental rangéThis enables us to measure t0 low-frequency dissipative effects of magnetic domains,
relative changes in pressure to an accuracy-6f02 kbar. Was, however, observed in the magnetically ordered state.
The reproducibility in cooling and warming cycles coupled
with the consistency among the various calibrated manom- IIl. RESULTS
eters suggests that our temperature accuracy is better than o o ]
+5mK below 10 K and typically=30 mK at higher tem- As shown in Fig. 1, the resistivity drops monotonically by
peratures. approximately three orders of magnitude in all cases on cool-

The resistivity was measured via a conventional four-ng from 300 K to 20 mK. For pressures belopg=14.6
terminal ac-phase-sensitive technique. The differential sus<bar, a shoulder appears vs T, together with a single
ceptibility was investigated by a field modulation methodPeak indp/dT, marking the onset of magnetic order. The
based on a drive coil and a carefully balanced pair of pickugP€ak position, which we identify with the transition tempera-
coils, all mounted within the actual pressure ¢élFor mea- ture T¢, is monotonically decreasing and appears to go to-
surements op the current density was typically 3&/m?2 at ~ wards zero continuously, but with a high slopepgt As
1.5 Hz and for measurements gf a modulation field of ~shown in Fig. 2, the exponent defined by the relatioi¢
2x10* T at 23 Hz was used. Under these conditions, ef-*p is close to 2 nearp. but falls well below 2 for
fects of sample heating and spurious background voltage@<p* =12 kbar. We note that the form df; vs p is not
could be ignored. In all cases the current and modulatiosensitive to the precise criterion used to idenfifyfrom the
field were directed along thé100) axis of the crystalline region of the peak inlp/JT and is essentially the same as
sample. that inferred from the peak ig vs T (see below and Fig.)2

Empty coil measurements show that the ac susceptibility In the magnetic phase belopy, p has a quadraticT?)
background voltage in the experimental pressure range is etemperature dependence b T, . This is the behavior ex-
sentially temperature independent below 120 K. The suscegected for a Fermi liquid in a paramagnetic or weakly polar-
tibility data were corrected for this temperature independentzed state. Asp. is approached, th&? regime collapses,
background as well as for a small pressure-related change imhile a quasilinear temperature variation pfaboveT, is
sensitivity. The corrected data were scaled assuming a negeen to extend to progressively lower temperat(Fég. 1).
ligible pressure variation of the slope gf ' vs T above Over the entire temperature range investigated the tempera-
40 K. This procedure is consistent to an accuracy-&%  ture variation ofp abovep, is slower than quadratic. This
with the results of more recent measureméhihe absolute departure op vs T from the conventional Fermi liquid form
value of the slope of ! vs T above 40 K, measured with a is highlighted in Fig. 3 where\ p/T?, in which Ap=p— p
superconducting quantum interference devB8®UID) mag-  andpg is the small residual value ¢f in the limit T—0 at
netometer at ambient pressure, was found to be consisteaéch pressuréinset of Fig. 3, is plotted as a function of
with that previously reported in lower-quality samples. In theT. We stress that the small size@f allows us to treaf\ p as
paramagnetic state the imaginary component of the lowan intrinsic property of the pure metallic state in the analysis
frequency ac susceptibility was in all cases below our detecef Sec. IV D. As shown in Fig. 3Ap/T? saturates at low
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FIG. 2. The pressure dependence of the transition temperature G- 4. The resistivity vs temperature at different pressures
inferred from the resistivity datéll) and the magnetic susceptibil- 2°0VePc (14.75, 15.50, 16.60, and 17.20 kbar, starting from the top

ity data (®). Forp<p* (=12 kbaj, T‘C"3 is approximately linear in curve. The non-_Fermi-quuid exponerg (inset of Fig. 3 remains
p, while for p* <p<p, (=14.6 kba}, T2 is linear inp (insej. unchanged in this pressure range

T in the magnetic Fermi liquid state belopg, but grows from the Pauli principle constraint in the sqatterbng. re-
with decreasing temperatures without apparent limit in thdated divergence is anticipated far'T, the ratio of the heat
paramagnetic state aboyg. Here the exponeng defined ~ capacity to the temperature, the sm_gula_r component of which
via ApocTﬁ is everywhere less than 2 and increases gradutepresents the effect on the quaSIpaI"[ImaSSOf the self-

ally from approximately 1.5 at 10 K to a maximum of 1.6 at interaction associated with the long-range potential. In an
the lowest temperatures reach@igs. 3 and 4 intuitive interpretation of the results of the theoretical analy-

The singular behavior o p/T2 is consistent with the sis presented in the following section, one may say that the
anomalously strong cross section for quasiparticle- sizeof the quasiparticles as measured either via an effective
quasiparticle scattering and hence, as discussed in the Intr6[0SS Section(Ap/T*) or an effectivemass(C/T) tends to
duction, with the presence of a long-range component in th&€ Singular neap, in the low-temperature limit, L
quasiparticle potential at low temperaturés.analogy to the We next turn to our study of the uniform susceptibility
more elementary problem of fermions interacting via a shortX (Figs. 5 and $which sheds more light on the nature of the
range potential, we may think faxp/T2 as a measure of the Magnetic transition and the limitations of the simple interpre-

. ’ . i i i -1 ;
cross section before account is taken of TRefactor arising ~ tation of Ap given above. Fop<<p*, x " is approximately
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Temperature [K] FIG. 5. The initial magnetic susceptibilijn SI unit9 vs tem-

perature at different pressuréambient, 1.80, 3.80, 6.90, 8.60,
FIG. 3. The ratio ofAp=p—pg to T2 vs temperaturd at dif- 10.15, 11.25, 12.15, 13.45, 13.90, 14.45, 15.20, 15.70, and 16.10

ferent pressures (10.40, 12.90, 14.30, and 15.50 kbar going upbar going down, starting from the top curve at 3D Kor p<p*
starting from the bottom curve at the far lefhighlighting the (=12 kbap y exhibits a peak corresponding to a transitiorset-
breakdown of the Fermi liquid forndp=T? at low T as p, is ond order, but forp* <p<p. (=14.6 kbaj the peak transforms
approached. Negr,, ApxT# with 8=1.6 in the low-temperature into a step as expected for a transitionfieét order. The form of
limit (curved line in the inset; the straight line above gives they below the transitions is complicated by the effects of domains in
asymptotic low temperature fopm the long-wavelength spin spiral state.
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minimum in ! vs T in the paramagnetic phase. The initial

120 fall of y ! vs T abovep., and hence increase in magnetic
response with temperature at low temperatures, appears to be
an ubiquitous property of paramagnetic metals on the verge

E 90 of magnetic order at low temperatures. This study provides
% us with an example of how this anomalous behavioy ofs
Q T changes in a pure metal in the vicinity of a magnetically
S 60 ordered state.
[¢2]
(0]
;,(e, IV. THEORETICAL INTERPRETATION
>
= 30 ! A. Spin fluctuation spectrum
I An interpretation of theT and p dependences g and
: x at low T might be sought within a framework of mutually
0 0 20 40 80 interacting quasiparticles coupled via an effective long-range

potential as discussed above. Equivalently, we may consider
Temperature [K] fermions coupled not to each other directly, but rather to a
field (e.g., the electromagnetic field in the casebafe elec-
FIG. 6. The initial inverse magnetic susceptibiliiy SI unitg trong which effectivelymediateshe long-range interaction.
vs temperature at different pressures fitted from the data in Fig. e shall be concerned with a low-frequency long-
(at the same pressures, now going up, starting from the lowesyavelength description in which all fluctuations with wave
curve. The error bars on the curve at ambient pressure indicate thgectors and frequencies above some cutgffaind o, re-
noise level in the unfitted data. The small nonzgrd at T, arises spectively, have been effectively filtered due., all relevant
from the effect of the long-wavelength helical modulation. field components outside of this window have been formally
) ) ) ) integrated oyt In the end, the singular parts of the properties
linear in temperature over a wide range. Moreover, it tendsjiscussed below are found to be weakly dependent on such
towards zero continuously at, as expected for a phase tran- . ioffs.
sition of seconcbrder. The behavior of is more complex For a system near a ferromagnetic instabilitypat the
in the rangep* <p<p,. The abrupt variation neaf; is  jmportant residual interaction field is the exchange molecular
reminiscent of a transition dfrst order. AlthoughT, in this  fig|d. In the simplest approximation, a spatial Fourier com-
regime collapses rapidly with increasing pressure, the transponent of this molecular field may be taken to be propor-
tion width, as defined from the step jvs T, appears 10  tional to the corresponding Fourier componemyt) of the
remain constant. Moreover, this width increases with de‘space- and time-dependent magnetizatitn,t), associated
creasing RRR and in a sample with a RRR of 80 the firstyith siow or nearly critical fluctuations. The focus of atten-
order regime is in fact not well define@ig. 7). This sug-  tion here is on the dynamical propertiesrof(t) which, in
gests that the transition width seen in Figs. 5 and 6 ishe paramagnetic state, may be characterized by an appropri-
p_robably nglther mtnnsp nor due to pressure inhomogenezie relaxation spectrunii,. This relaxation spectrum to-
|t|es! but arises from residual defects in the sample. gether with the Bose function essentially defines the model
Finally, we note that the value df; at the crossover from  gescribed below for the dominant temperature dependences
secondo first order coincides roughly with the location of a 4f the resistivity and heat capacity near the critical point in
which T,—0.
60 : : In a simple paramagnetic mettl, is defined at low fre-
guencies through the imaginary part for the wave vegtor
and frequencyw dependent susceptibility given by

40 | Xow=©Xqlq/(W2+T5), 4.

where y, measures the strength of the laweomponent of

the full, generalized susceptibility. In simple systems such as

20 ¢ ] MnSi, which are of interest herg,, will be assumed to re-

duce at lowq to the wave-vector-dependent magnetic sus-

- ceptibility. In the standard mod@lsupported by inelastic

0 , , neutron scattering measurements in high-quality samples of a
0 10 20 30 number of cubic, nearly ferromagnetic met%\fé’,l“q is iso-

tropic at lowqg=|g| and of the form

Inverse Susceptibility

Temperature [K]

T'o=vgxq = va"(x +ca?), 4.2
FIG. 7. As in Fig. 6, but for a sample with a residual resistivity _ ] )
ratio approximately 3 times smalldat 10.60 kbar(below p*), ~ In Which y and c are constantsy is the temperature-
13.20 kbar p* <p<p,.), andp., going up from the lowest curye ~ dependent static susceptibility, and in the present oast
The sharp first-order form of the transition seen in Fig. 6 mgas ~ corresponding to the Landau damping in a homogeneous
now replaced by a broad anomaly. Fermi liquid. To discuss the role df, from a more general
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point of view, it is helpful to introduce an exponensuch C. Non-Fermi-liquid exponents

| o, .
thf‘;‘ I'qxq at low q. Well away from the critical region, In all the cases considered below the temperature depen-
X is finite and from Eq(4.2) |=n. At the critical point  jance arises from a sum of the population functignas
~10, and provided that Eq4.2) continues to holdsee i i ; m
X ' given in Eq.(4.4) weighted by & factor of the formg™. For

Sec. IV Q, I=n+2. More generally at the critical point we generality, as discussed following Ed.1), we sefl’ =q' so
assume =z wherez is the dynamical exponent which, t0- hat ind dimensions a
gether with the spatial dimensiah enters the quantum de-

scription of critical phenomer&2®-2! —2

> g™ ocTSfx°dx X

L (4.6
B. Population function

Both the resistivity and heat capacity of the system willwheres=(d+m)/I, x. is a cut off inversely proportional to
depend on the amplitude of spontaneous thermal fluctuatioris, and we have used the approximate form#agiven in Eq.
of the molecular field or, essentially, ofy(t). Thus, we shall  (4.5). If s<1, the integral diverges at the lower bound and
be interested in the thermal componéfin,|?); of the vari-  our model therefore breaks down. Wher 1, Eq. (4.6) is
ance ofmg, which is given by the fluctuation dissipation finite and to leading order i

theorem as
TS, 1<s<?2,
2 Gh We 2
(Imgl“)r= 7f0 dwn,Xge (4.3 > qMngxs TAN(T*/T), s=2, (4.7)
‘ T2, s>2,

wheren,,=[expiw/ksT) — 1]~ is the Bose function. Equa-
tion (4.3) assumes a convention for the Fourier seriesmafi ~ WhereT* is a constant. A crossover occurssat2, in which
which (|m|2) is simply theg-space sum of|m/?) per unit  the dominance passes from the lower to the upper bound of
volume. Also note that fokgT<%w, a limit assumed the integral in Eq(4.6) (recall x;>1/T). Above this cross-
throughout, thew integral is effectively cut off by the Bose over the final temperature dependence is independent of the
function so that the upper bound of the integral in B3  parametersi.e., T? in each caseand corresponds to that of
may be extended to infinity. the usual Fermi liquid model. Below the crossover the expo-
To simplify our discussion, it is useful to introduce a di- nent depends on the particular property being considered but
mensionless population function, as shown in Ref. 3, is always below that normally associated with a Fermi liquid
which is defined a5{|mq|2>T/(3ﬁI‘qu), and so from Egs. state. We see that non-Fermi-liquid exponents are favored

(4.1)—-(4.3 for smalld and largel, i.e., in reduced dimensions or at the
critical point wherey '—0 asT—0.
B <|mq|2)T 2 (= o In arriving at the leading temperature dependences given
a- 34T gxq :;fo dw”ww2+rgz (AT 4/keT), above, we have assumeg to be independent of. In the

(4.4) critical case wherél.— 0, this assumption is valid only if
x tin I'y, as given in Eq(4.2), is ignorable compared with

where cq?, whereqs is a typical thermal wave vector defined by
1 X - X 1 kgT~AI'gs (so thatTocqé). The equivalent condition that
n(X)= P In ol ;—‘1’ o7 m the correlation wave vectot=+/1/cy be much smaller than

(45 Of a low T is satisfied if the effective dimension of the
problem,d+z, exceeds 4. The latter result follows directly
andW¥ is the digamma function. The approximate and exacfrom q%ochfz and the expression for the temperature-
forms for 5 given in Eq.(4.5) differ by at most a few percent dependent part of the inverse susceptibility ~* given in
and are identical to leading order in botland 1k. The low-  Sec. IV F below. There it will be shown thaty ! is of the
and highT limits of nq are given by 67/3)(kBT/ﬁFq)2 and  form in Eq. (4.7 with m=n, so that in leading order
(kgT/AT'g), respectively. It is interesting to compare thesep , ~1oT(@+N/z |n order thatAX’1<cq$ asT—0 we need

limits with those of the corresponding population functiond+r|>2 which is satisfied itl+z>4 sincez=n+ 2
for an undamped oscillator of frequenéy,, namely, the '

Bose function. In this case the high- and I@Gwimits are o

given by KgT/A€Qy) and expt#AQ,/ksT), respectively. D. Resistivity

Note that whereas the highdimits are similar, the lowF The electrical resistivity\p due to the scattering of fer-
exponential freezing out of the population found in the un-mions from the exchange field, i.e., from spin fluctuations, is
damped case is replaced by a more gradual quadratic temormally described in the Born approximation via the Bolt-
perature dependence for the overdamped modes described Byiann transport equation. In terms of the population func-
Ed. (4.4). Normally, thisT? dependence leads to the thermaltion ng introduced in Eq(4.4), the conventional expression
energy, susceptibility, and resistivity, all being of the con-for Ap can be recast into the form

ventional Fermi liquid form. However, this need not be the

case in low dimensions or near a critical point, where a rapid an

q dependence of ; can lead to singular behavior from the Ap=¢2, qk(T—Tq) , 4.9
low-g contribution to a sum oveq of ng. 9<0c J
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molecular field\y, connectingmy(t) to the corresponding
component of the molecular field, is essentially independent
of g below a suitably defined cutoff wave vectgg. Note,
however, that the singular component &p/T2 nearp, is
not sensitive to this cutoff. The derivation of the standard
model for Ap, on which Eq.(4.8) is based, implicitly as-
sumes that transitions brought about by the scattering with
the molecular field are indeed effective in reducing tibizl
current. In MnSi justification for this assumption is provided
by the large number of scattering channels offered by its
open, multisheet Fermi surfate!®

o Expt We also note that sincg ! in MnSi does not strictly
— Cale. vanish at lowT even neap, (see Sec. I), we may expect
. , pxT? at sufficiently lowT for all p. Our numerical analysis,
0 10 20 30 however, suggests that this limiting form should only be

clearly observable fop>p. at temperatures well below the
Temperature [K] presently accessible experimental range.

30
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FIG. 8. Comparision of measuredD) and calculatedsolid E. Heat capacity

line) temperature dependence of the resistivity-(po) nearp. Further insights into the nature of the state in which
The calculation is based on the_ mod_el in the_ text, @qR), with d=z=23 as described by the above may be gained by con-
x vs T from bulk measurementSnset in SI unity, y andc from  gjgering(i) the quasiparticle scattering rate, which is related
inelastic neutron scattering measurements in zero pregRefed, 14 £q (4.8), but without the backscattering weighting factor
and a wave vgctor cut_off equal tc_) the Bnllom_n zone dlmen5|onq2’ and (ii) the quasiparticle effective mass defined via the
(I'X). The _vertlcal scalmg factor in Eq. (4.8] s the only free electronic heat capacity divided By. Note that throughout
parameter in the comparison. . . . . .
this paper quasiparticle properties are assumed to be defined
where ¢ is a coupling parametefiindependent ofl in the  as suitable averages near the Fermi energy.
Born approximatiohn and the subscripf implies a deriva- The correctionAC to the total heat capacity arising from
tive at constant', in Eq. (4.4) and for the problem of interest the effects of the exchange field may be obtained from the
here we expedt=2. Theq? factor reflects the role of back- thermodynamics of this field treated as a collection of
scattering, i.e., the fact that highfluctuations are more ef- coupled modes. In a mean-field approximation for the mode-
fective than those at log in reducing the current. Normally mode coupling,™" we arrive at an expression faiC, which,
(Tang/dT) andng have the same leading-order dependencdn terms of the populatiom, of Eq. (4.4), reduces to the
on T, and so to leading order the dependencapfon T is  elementary form
given by Eq.(4.7) with m=2.

From Eq.(4.7) we predictA p= T2 when d+2)/1>2. As AC= ﬁ D %_ (4.9
expected this includes the case of a normal Fermi liquid with 245, 94T
nonsingular interactionéin which n=1=1). In the critical

region wherd =z we haveA p=T# with 8= (d+2)/z, pro- In writing this we suppose that our system is_in the limit
vided that & 8<2 andd+z>4. Thus withz=3 we find where .many-bod.y effects are dominant. In particular we are
B=2% in three dimensiorfé and =2 in two dimension€&®  assuming _thafq is strongly suppressed below the behaw_or
Note that in both these cases the effective dimendiorz is  €XPected in the absence of the effects of the molecular field
indeed greater than 4. or, precisely, tha‘r}\q=)\qxg is of order unity forgq<gqc,

The value ofB (i.e., %) obtained withd=z=23 agrees well wherexg is x4, but in the absence of the enhancement pro-
with the asymptotic low-temperature form &p observed in  duced by the exchange field. The wave vector dependence of
MnSi. A detailed comparison of the predictions of the model\, can be crudely described via the choice of cutoff wave
contained in Egs(4.1)—(4.4), and (4.8) with experiment is  vector q., the magnitude of which does not in practice
presented in Fig. 8. Our numerical analysis\gf is based on  greatly effect the singular part afC near the quantum criti-
the model forl’, given in Eq.(4.2) with x_X(T) taken from  cal point. We also comment that the factoroin Eq. (4.9)
experiment ap. and the fixed parameterg andc inferred  arises from our choice in E¢4.4) of definition forn,. The
from inelastic neutron scattering data at zero pressiifee  factor of 3 reflects the number of Cartesian components of
cutoff g, in the g-space sum has been taken to be the Bril-m, for eachqg, and the factor o highlights the fact that the
louin zone dimensionr/a wherea=4.56 A, andZ, the only  mean energy of an overdamped mode ha®t@ntialbut no
free parameter, was chosen to allow comparison of the prekinetic component. We note that for undamped modes with
dicted and measured temperature dependenge lofis sig-  spectrum(), and a degeneracy of 3 for eacj the heat
nificant that the model accounts not only for the non-Fermi-capacity is given by Eq4.9) with I';/2 replaced by}, and
liquid exponents at low T, but also quantitatively for the nq replaced by the Bose factar, evaluated atw={0,. In
observed crossover to an intermediate quasilinear tempergie highT limit, the latter yields a heat capacity per mode
ture variation ofp at highT. which is, as expected, twice that given by E49) (provided

Our expression fop given in Eq.(4.8) assumes that the the temperature dependence(df andI', can be ignored
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To leading order inT, AC is given by Eq.(4.7) with constant The exponenn is now effectively O rather than 1.

m=1 all divided by a factor ofT so that In the limit asxélﬂo, we obtainI‘Qmocq2 and hence a
dynamical exponent of 2 rather than 3. The difference
T d<l, arises from the Landau damping factor in the relaxation rate,

" _ which vanishes as the first power of the wave vector around
ACocy TIn(T*/T), d=I, (410 the origin in the Brillouin zone of a homogeneous system.
T, d>l, When the effective dimensicm+ z is greater than 4 the heat
capacity is again expected to be described by (B®). For
whereT* is a constant. The case in which>| covers the d=3 andz=2 this condition is satisfied, and we find that
usual Fermi liquid descriptiotwhered=3 andl=n=1) AC/T, while not strictly singulatasT—0, can nevertheless
and as expected giveSC to be linear inT. For MnSi in  display a strong and anomalous increase with decredsing
which p~p, we haved=3 andl—z=3 and so the case Moreover, the variation with temperature is qualitatively
with d=1 applies. similar to that found in the marginal case discussed earlier.
In cases such as MnSi wigrp., the result forAC and We note that the true marginal case as described above
a corresponding analysis of the quasiparticle scattering rateequiresd=z and so in a case with= 2 the effective dimen-
yield expressions for the effectivmassand cross section sion (d+z) doesnot exceed the upper critical value of 4 that
having the singular forms IA{/T) and 17T, respectively. In is strictly required for a simple description. We also com-
this limit, where themassdiverges logarithmically, the rela- ment that for antiferromagnetic fluctuations, the standard
tive probability that a quasiparticle state is equivalent to aanalysis for the resistivity, in contrast to that for the heat
bare particle state with the same wave vector on the Fermdapacity, may not be strictly applicable even when the con-
surface vanishes logarithmically &—0. Since the loga- dition d+z>4 is satisfied®
rithm is a minimal singularity, the conventional Fermi liquid
may be said to be just at its limit of applicability. The above F. Magnetic susceptibility
singular forms for theross sectiomndmassdefine the state

called amarginal Fermi liquid Finally we present a brief discussion of the temperature

Similar forms for the quasiparticleross sectiormndmass dependencef'ojl(dand of ‘h? prgssuref dep?rr:denceTgf In d
have been obtained by another approach in the case of tﬁ@e mean-fie approximation  for € mode-mode

H 5,6 1 -
long-range Lorentz magnetic forédor which we also have couphng,' the temperature dePe”de”C?@ can b.e ex
d=z=3. A quantitative analysis, however, suggests that th@ressed in terms of the population functiopdefined in Eq.

singular effects of this interaction, which is characterized by(4'4) as

a very stiff spectrunt’y, would be difficult to detect experi- n

mentally. A different type of marginal state has also been Ax~1=5b> Yag» (4.11)
introduced and extensively developed in connection with the q<dc

nonsuperconducting phases of some of the copper oxide sys- A
tems(spee e.g. Ref? 53 PP ywhereb is the anharmonicity coefficienk, denotes a sum

Note that in lower dimensions, the singularities in theP€r unit volume, andy, is defined in Eq(4.2). In the sim-

quasiparticle properties become stronger than marginal. IRIESt caseb is the coefficient of the cubic term in an expan-
particular ford=2 andz=3 the above analysis leads to a Sion of the magnetic equation of sta#g¢M)=aM+bM" at

masswhich in the low-temperature limit diverges as 2 T=0, where in equilibriumH (M) is the uniform magnetic

This is consistent with results obtained in Refs. 8 and 9 for 41€ld which stabilizes the bulk magneE|fa}t|M. _
model having the same values fdrand z but in which the The expression in Eq4.11) for Ax ™" is of the form in
relevant molecular field is associated not with the magnetiEd- (4.7) with the exponemmd eq/ual ton. It follows that
zation, but with a chiral field related to third-order nonlocal When 1—z=2+n, A)(*loc_T( Mz provided z<(d+n)
products of the magnetization. <2z andd+z>4. If we write x =a+Ax land expand
Analyses based on the language of quantum critical phethe T=0 limit of x~* aroundp, asax(p—p.), the condi-
nomenasee, e.g., Refs. 3, 20 and)2is well as more recent tion x %(T.)=0, defining T, yields TV % (p.—p).
studies based on a diagrammatic evaluation of the selffhus ford=3 we haveTf:”3o<(pc— p) forn=1 (z=3) and
energy of fermions interacting with suitably defined molecu-T3/%<(p,—p) for n=0 (z=2), i.e., for the ferromagnetic
lar field€"*?**suggest that the above models for the quasiparand antiferromagnetic cases, respectively. These results for
ticle cross sectionand mass yield the correct singular the pressure dependence Bf are based on a mean-field
temperature-dependent terms at the quantum critical pointreatment analogous to the classical Landau model of
provided the effective dimensiod+z exceeds the upper second-order phase transitions, which may be expected to
critical value of 4, a condition that is satisfied in both the hold when the appropriate dimensiomh+ z) exceeds the up-
caseqi.e., withd=z=3 or whend=2 andz=3) mentioned per critical dimension of 4see Refs. 3, 20 and 21
above. For MnSi this description is incomplete since the coeffi-
For comparison, we now consider briefly the case incientb of the M2 term inH vs M is believed to benegative
which the critical fluctuations are not centered@r 0, but  at low T. For stability, a minimal description must therefore
around some antiferromagnetic wave vec@oof the order of  include terms irH vs M up to atleast fifthorder inM. If a
the dimension of the Brillouin zone. In this case, it is usefulfifth-order description is sufficient, a straightforward exten-
to change the origin by replacirggby Q+q. To lowest order  sion of the mean-field approximation leads to a shift in the
ind, Fgyq= yQ(X51+cq2), where yq is a nonvanishing coefficient of the cubic term it (M) of
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" B20 for MnSi), (ii) nonlinear precession of the magnetization
Ab=14g E YqNq (4.12 under the action of the molecular fieldij ) screening of the
4= mode-mode coupling parameterb @nd g), and (iv) the
) magnetovolume effect.
and to a replacement f in Eq. (4.11) by (b+%b/2)- Here The lack of inversion symmetry, together with ttabeit
g is the coefficienassumed positiyeof the M> term inH  \yeaK spin-orbit interaction(i), leads to the appearance of
vs M. A model of this kind provides the basis of a detailed ritical fluctuations around a small but finite wave vector of
account, to be discussed more fully elsewhere, of the form olfnagnitudeQ=0.033 A~14195 well as to a very weak first-
x 1t vs T andp. In particular, the latter correctly describes order magnetic transition even belgw .22 We note, how-
(i) the crossover ap* from a transition of second order to ever, that the typical thermal wave vectgs defined by
one of first order(ii) the peak iny vs T in the paramagnetic Al q.~kgT is at least an order of magnitude greater than
state, andiii) the overall pressure dependenceTef. This Q for T=1K. Thus, any corrections to the results of Sec.

{ahnaly5|s alfo<sh<ows th_at ti—ém(%_ F;) ftO:rT tot_)setL\{edf_ mt IV D are expected to be small, except at extremely low tem-
€ rangep” < p=p, arises irom tne fact that, in tis Nrst- a4 reg neap.. (We also note that for typical values of

qrdgr regime, an abrupt jump oceurs from a margmql Eerm 7 in our experimental range, thermal magnetic fluctuations
liquid state abovd; to f”‘(pa”'w _spln-polanzed Fermi liquid can link different sheets of the multiply connected and open
;tate beIQWTC' In pa.rtllcullar, this for_m off; vs p does not . Fermi surface of MnSi and therefore facilitate transfer of
imply a simple Fermi liquid df/?crlpnon of the paramagnetic o« tim away from the electron system.
state. We also note that th& " (p.—p) pressure dep_)?n- The effects of nonlinear precessi6in and screening be-
dence ofT., predicted by the simplest model fary yond the Hartree approximatioriiii) have also been
when d=z=3, is indeed observed in the low-temperature;onsidered. The latter leads to qualitative changes only in
ferromagnet ZrZp, which, unlike MnSi, shows no evidence he Ginzburg regime, which collapsess— 0 for an effec-
for a first-order transition near the critical presstfre. tive dimensiond+z greater than 4. Botffii) and (iii) are
important quantitatively in the region of crossover from a
second- to a first-order transition, and more generally can
lead to different renormalizations of the paramdtemtering
V. FURTHER DISCUSSIONS the temperature dependence of the susceptibility given by
Eq. (4.1) and the magnetic equation of state. Since our
The considerations of Sec. IV F do not alter our theoreti-analysis of the resistivity was based on the obsen/l), it
cal description op vs T as given in Sec IV B since that was s unaffected by these considerations.
based on theneasuredorm of y~* vs T (Fig. 6) and not on The magnetovolume effe¢iv) leads to further renormal-
that expected for the simple model in E4.11) in which the  ization of the parameters of the model and can, in principle,
anharmonicity parameter is assumed to be positive at lowffectively lead to a negative value of the anharmonicity pa-
T. Although small,y * does not actually vanish &—0 at  rameterb, and so to a first-order transition nepg. How-
p., and hence for sufficiently IowW, p is expected to enter a ever, it is interesting to note that a value foy consistent
T2 regime in an ideally pure sample. The tiny magnitude ofwith observation in sign and order of magnitude, can already
x~ ! (typically 10° times lower than that in normal metals be obtained in a single-particle analysis based solely on the
and theq? factor favoring largeg fluctuations in the sum in  band-calculated density of states which has a deep minimum
Eg. (4.8) mean that this crossover to Fermi liquid behavior isat the Fermi level!?°
only expected to occur in the low-mK range where, in prac- In summary, we find that the above corrections are either
tice, other effects such as impurity scattering begin to domismall and ignorable in our experimental range, or can be
nate. absorbed into the parameters of the mopde{T), c, and
Numerical analyses based on E@¢4.1)—(4.4) and (4.8) 4], which are empirically determined. Furthermore, the deep
also suggest that a recovery of a Fermi liquid form for minimum of the one-particle density of states at the Fermi
above 1 K will take place only at relatively high pressures,level appears to be sufficient on its own to account for the
i.e., several timeg.. Thus, the range ip over which a sign and strength of the mode coupling parameter required
description in terms of a marginal Fermi liquid model is for a description SedlV F) of the crossover from aecond-
useful can be wider than might be naively supposed. Thiso weaklyfirst- order transition neap, .
should be contrasted with the rapid return tdaform of
p found belowT,, (Fig. 3 or in an applied magnetic fiefd.
The rapid recovery of the Fermi liquid form in these cases
arises from the strong attenuation of the spin fluctuation am-
plitude resulting from suppression of transverse and stiffen-
ing of longitudinal components in the presence of a uniform In conclusion, we find that near and abgygethe behavior
spin polarization. of MnSi is consistent with a model of a marginal Fermi
Our aim has been to present a plausible minimal interpreliquid in which a long-range effective interaction between
tation of the main features of the resistivity and susceptibilityquasipatrticles arises via the exchange of long-wavelength
data. A number of more subtle effects should also be considaearly critical fluctuations in the spin density. The applica-
ered in a more complete analysis. These would include comility of an elementary treatment of such fluctuations may be
rections due tdi) a small relativistic term in the local free connected with the fact that the effective dimensibhz,
energy arising in structures lacking inversion symmeégrg., appropriate to critical phenomena in tag@antumlimit, is

VI. CONCLUSION
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