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Spin-density-wave state in(TMTSF),PFs: A “’Se NMR study at high magnetic fields

S. Valfells
Department of Physics, Boston University, Boston, Massachusetts 02215

P. Kuhns and A. Kleinhammes
National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310

J. S. Brooks
Department of Physics, Boston University, Boston, Massachusetts 02215;
National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310;
and Department of Physics, Florida State University, Tallahassee, Florida 32306-4005

W. Moulton
National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310
and Department of Physics, Florida State University, Tallahassee, Florida 32306-4005

S. Takasaki, J. Yamada, and H. Anzai
Himeji Institute of Technology, 2167 Shosya, Himeji, Hyogo 671-22, Japan
(Received 14 November 1996; revised manuscript received 22 January 1997

We present a nuclear magnetic resonance study of the low-temperature spin-densitaivd)eground
state in the quasi-one-dimensional conductdMTSF),PF; [bis<{tetramethyl-tetraselenafulval-
enghexafluorophosphateUsing magnetic fields up to 22 T, we have measured t8e spin-lattice T} Y and
spin-spin relaxation ratesTgl) above and below the SDW transitio {p~12 K). BetweenTgpy and
~4 K, we observe anomalously fast and Korringa-lik{el; below 4 K,Tl’l decays rapidly. A reduction in
T;l is also observed at 4 K, but the absorption linewidth does not change to within experimental error. We
attribute this behavior to an incomplete SDW transitioT g4y, leaving residual carriers at the Fermi level,
and a subsequent consummation of the transition at 4 K. Our datev dekd are consistent with a simple
model of the temperature dependence 'bfl in a fully gapped and low-dimensional conductor.
[S0163-182607)00929-9

[. INTRODUCTION and(TMTSF) ,CIO, are members, exhibit unusual properties
in high magnetic fields, including field-induced spin density
The SDW state in(TMTSF),PFg [bis{tetramethyl- wave transition§FISDW), anomalous quantum limit states,
tetraselenafulvalenkexafluorophosphatédias been the sub- and anomalous quantum oscillatiend oscillation attenua-
ject of considerable experimental attention for more than aion) behavior’*
decade. Nevertheless, the detailed nature of its electronic NMR is a powerful probe of density wave and supercon-
structure is far from clear. While few doubt the existence ofducting ground states. Proton NMR has been used exten-
a nearly commensurate SDW with a BCS-like gap immedi-sively in studies of organic materials, but the protons are
ately below the 12 K transition temperatureported values generally in positions far from the molecular orbitals which
of Tspw range from 11.1 to 12.1 K, the variation, presum- drive the ground state behavior. To gain access to nuclei
ably, caused by the impurity content of the samplethe  situated more closely to the region of interest, and to study
order of the phase change, the nature of the excitations of tHée influence of high magnetic fields on various ground
SDW, and the existence of further phase changes at lowestates, we have undertaken the development of techniques to
temperatures, approximately 3.5 and 1.5 K, are still controcarry out NMR measurements in very high magnetic fields
versial. (B>15 T). The initial focus of our attention has been on
The motivation for the present study is the desire to better’'Se NMR in(TMTSF) ,PF,. Earlier NMR studies of pow-
understand the metal-insulator, metal-superconductor transilered samplés’ indicate that Se is more strongly coupled to
tions in low-dimensional conductors which give rise to bro-the conduction electrons than C and H nuclei, and this is
ken symmetry density wave and superconducting groungupported by band structure calculatibmehich show that
states(for an overview, see Ref.)2The nature of these the Se 4 and 4p orbitals contribute significantly more to the
transitions—which are driven by repulsive and attractiveconduction bands than other atomic orbitals. Furthermore,
electron correlations—is particularly sensitive to the physicalnlike the protons which reside in methyl groups at the ends
and electronic structure of these materials, and the groundf the TMTSF molecule,’’Se has no rotational behavior
states may be probed and/or altered by high magnetic fieldsvhich greatly simplifies the analysis of its relaxation rates.
For example, the Bechgaard salts, of wh{@MTSF) ,PFg However, its natural abundance-8%) and small coupling
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constant &8 MHz/T) conspire to make it a difficult nucleus 34
to study. Nevertheless, by making use of high magnetic
fields, we have succeeded in conductife NMR on a
single crystal of(TMTSF),PFs.° The advantages of being Metal
able to study single crystals of such an anisotropic syster
are obvious, but we note also that the weak-coupling con
stant of ’’Se results in lower observation frequencies thar
for, say, *H. This not only opens the door to the possibility
of separating the field and frequency dependence of NMF
signals, but it also presents considerably less technical diffi
culties since one is able to work at sub-GHz frequencies &
high fields, even in the 45 T hybrid magnet now being built SDW II .
at NHMEL. ] . This work
The rest of this paper is organized as follows. In the nex
section we discuss the physical details of the title materia T T T LT T 1
and briefly review previous NMR measurements in this sys 1 - 10
tem. Section IIl describes our high field experimental meth- Magnetic Field (T)
ods. In Sec. Il we report ouf’Se NMR results. In Sec. IV,
we report our findings in regards to the metallic, partially ' | ' ! ! '
gapped, andour proposegfully gapped states, and we dis- b)
cuss them in the context of the present understanding ¢
metallic and SDW NMR relaxation mechanisms. In Sec. V,
we present our conclusions and discuss the prospects of fi
ture high field NMR studies.
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(TMTSF),PF6 is a highly anisotropic, linear-chain con-
ductor. Parallel chains of the TMTSF molecules form planes ® s "s
separated by the RFeomplex. The anisotropy of the triclinic 0.0 /

crystal structure(symmetry P1) and the orbital overlaps

gives rise to a quasi-one-dimensioriaD) Fermi surface— 0 5 10 15 20 25

with transfer integral values df, (along the chainst, (be- T (K)

tween adjacent, coplanar chainandt,; (between plangs c)

approximately equal to 300, 30, and 1 meV, respecti¥ly. Me\c __Se Se Me

At low temperatures, the quasi-1D Fermi surface is unstabl 1
c

T{1 (ms™)

with respect to perturbations of wave numbé&g Znesting of |
the Fermi surface and the system undergoes a SDW transi- Me—
tion.

. The featurgs of theTMTSF),PFg phase diagramsee FIG. 1. (@ A schematic of the phase diagram of
Fig. 1) at ambient pressure have been mapped by means pf\iTsf),PF, based on Takahaskt al. (Ref. 16 Uji et al. (Ref.
various techniques including transport measuremeénts, 33), and this work. The proposed transition from SDW Il to SDW
NMR,'?"??  antiferromagnetic ~ resonané®, dielectric | 4t T/~1.5 K is not shown(b) The temperature dependence of
studies;*~?® calorimetric measuremert$?* susceptibility T; ! over the whole range covered by the experimehtict axis).
measurement$;*® and muon spin resonante(u*SR.>*  The error bars represent the error of the fit of a single exponential to
The results can be summarized as follows.TAky, & gap  the recovery of the magnetizatigeee text (c) The TMTSF mol-
opens up in the electronic spectrum and the conduction ele@écule. “Me” denotes a methyl group.
trons order antiferromagnetically, with the easy axis along

b’.32 The SDW amplitude—which is proportional to the

gap—has the overall temperature dependence of the BCY® observed in transport data beld’g,DW', Their period
gap of conventional superconductors, but recent measur&C/Tesponds to a few percent of the Brillouin ZdiZ), but
ments of the SDW amplitude suggest that the transition ma{'€ir témperature dependence departs fgggﬂ the standard
be weakly discontinuousfirst orded.'* Moreover, the Lifshitz-Kosevitch formalism below~4 K.***" When a
SDW nesting is imperfect, leaving pockets of carriers in thgnagnetic field is appl_led_parallel to the least conducting axis,
SDW state. Tspw has a quadratic field dependence up to 3%
Bjelis and Maki’ have shown thaTgpyy of an imperfectly
nested SDW should, at low fields, increase quadratically
when a magnetic field is applied along the least conducting
There is considerable experimental evidence that thexis of a SDW systen{At sufficiently high fields, the field
SDW in (TMTSPF) ,PFg is incomplete. Quantum oscillations dependence of Tgpw Should saturate and in

B. Transport and thermodynamic studies
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(TMTSPF),NOg, Tspw is quadratic inH up to ~10 T and  found no such effect. Moreover, in their measurement of the
approaches saturation &30 T1] Furthermore, the tempera- (prgssuriz.e):l met7671||ic state Knight shift they found that the
ture dependence of the specific heat does not change subst@‘l'ght shift for “’Se was considerably greater than that of

tially upon cooling througi ¢y, although a weak enhance- . - ) .
ment is observed arouriBkpy.2’ The nesting conditions of @erfec) SDW are insensitive

to magnetic fields and, consequently, the SDW ground state
is not affected by magnetic field8,except in the case of
C. Previous NMR studies imperfect nesting as mentioned in the Introduction. As with

1 ) i i an antiferromagnet, however, it may undergo a spin-flop
By means of'H NMR linewidth studies, Takahasbt al. ~ (ansition. In a magnetic field, the orientation of the antifer-

have measured the SDW amplitude and its temperature dggmagnetic moment may flop from the easy axis to the inter-
pendence; from the angular dependence of the line shapgagiate axis.

they deduce the components of the SDW nesting veQIor e field at a nucleus in bulk matter is the sum of the

and find it to be nearly commensurate to the lattice perioqnerg| fields at its site and the external field applied to the

with components0.5, 0.24,— 0.06) along the reciprocal lat- - gampje. The field generated by a SDW is related to the spin
tice vectors a*, b*, and c¢*.** In a series of other density

papers®3%1®they have presentedH relaxation rate mea-
surements below gy as a function of angle, pressure, and Psow=PoCOSQ T+ ). (1)
temperature. They find qualitative changes in the tempera-

ture dependence of the spin-lattice relaxation rate belowHere, p, denotes the temperature and field-dependent SDW
Tspw: at 3.5 K, the temperature dependence changes fromhoment,Q is the SDW nesting vector, anflis the phase of
being approximately linear in temperature to activated bethe SDW. In(TMTSF) ,PFg, the easy axis coincides with the
havior (A~11 K) and a "kink” is observed in the relaxation |,/ axis, and forH - 6’<Hsf, whereH  is the spin-flop field
rate T; !, although not of such an obvious singular nature 830.45 T in (TMTSF),PFs], the SDW moment will be di-

al Tspw- A similar “k|nk.” IS qbserved at roughly 1.5 K. NO * rected alongd’. Above the spin-flop, the SDW flops to the
changes in the proton linewidth are observed concomitant tfhtermediate axis. tha axis. ForH=17 T. the field would

the changes in th&,. Their results have led them to propose have to be orient’ed to withirt 1.5° of c*’to prevent spin

a phase diag_ra?ﬁ with additional tran;itionsTé and T, flop. Comparing our data to that of Takahashial,'® and
which, at ambient pressure, fall approximately at 3.5 and 1.9;ying into account that, at best, we were able to orient the
K, respectively(Fig. 1). With decreasing temperature, they sample to within=5°, we conclude that the spin-flop field

propose thatTMTSF) ,PF, enters SDW | allspw, SDW Il a5 exceeded in our experiment, and the antiferromagnetic
atT., and SDW Ill atT;. Upon pressurization, these tran- moment was along the axis.

sition temperatures are observed to decréddee activa-
tion energy is insensitive to pressure.
Clark et al. have also carried out extensivel NMR stud-

ies of the SDW state ifTMTSF) ,PFs.*"~?° They also ob- All results presented in this paper were taken in a high
serve an enhancement Trl_1 below Tgpy and a “kink” at homogeneity 24-T Bitter magnéb ppm over 3 mmin a
roughly 3.5 K (albeit a considerably broader “kink” than “He cryostat. Arin situ tunable probe was built using modi-
that observed by Takahagtti al), followed by a decrease in fied commercially available tunable capacitors. The NMR
T, * that can either be described as activaedh A~9 K)  coils were wound with No. 22 and No. 24 gauge copper
or fitted to T°.8 They, however, interpret this behavior as awire. The sample used in these experiments was a single
frequency-dependent dynamic effect which they support byrystal weighing 8.2 mg and of dimensions6<0.8x0.4
the frequency dependence of the transition temperature. Fumm®. This corresponds to roughly>310'® spins of "Se.
thermore, they attribute the fast relaxation rate immediatelyrhe sample was placed in a thin-walled glass filled epoxy
below Tgpy to the phase excitations of the SDWee Sec. (G10) holder and the holder installed in the coil. The sample
IV C) and suggest that the “kink” occurs whea 7=1, orientation was adjusted manually with the estimated accu-
wherew,_is the Larmor frequency andthe fluctuation time- racy of £5°. Typically, the probe was tuned to the desired
scale of the phase excitatiohfs. frequency(with Q values in the range from 50 to a 10@nd
Barthel etal. have measured the!*C T, in  the magnet current adjusted accordingly. A Magtec commer-
(TMTSF),PFg, and find it to be temperature independentcial spectrometer was used in carrying out the experiments.
down to roughly 4 K. Their work does not extend to lower All measurements made use of phase coherent pulse tech-
temperatures. The relaxation rate they measured showed miques. The magnet was calibrated to 100 ppm usifigia
particular enhancement beloligpyy. They attribute their re-  NMR probe. The magnet current resolution was limited to 20
sults to phason relaxation. A which corresponds to 140 @r, for “'Se, 111 kHx.
Azevedoet al®>~" have measured the linewidth and relax- The NMR probe was placed in a single walled stainless
ation rates ofH, "’Se, and3C in powder samples of insert in the cryostat. The narrow geometry of the magnet
(TMTSF) ,PFg. Their work focused on observing the changerequired that the NMR circuit components be put in close
to the SDW state with pressure. At low pressures, they foungroximity with each other, and an atmosphere of exchange
a large drop in the amplitude of théSe line compared to the gas was required to prevent arcing between the circuit com-
metallic, high-pressure state, which they interpreted as thponents. This presented some difficulties with temperature
effect of the SDW-induced line-broadening. FiC, they  control above 2.1 Kthe superfluid transitionIn strong field

Ill. NMR IN HIGH MAGNETIC FIELDS
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gradients, diamagnetic forces act 8hle gas bubbles and
liquid in such a way as to expel the liquid from the center of
narrow-tailed cyrostat8: For the field profile of the 24 T
magnet used, the bubble effect occurred at fields in excess
~17 T with consequent loss of temperature control. This lec
us to choose to work mostly at 17 T.

Because of arcing, the power delivered to the coil was
limited to 10 to 30 WH JP, whereP is the power trans-
mitted to the probe, and the/2 pulses were of the order of
5 to 15us which spans the spectral width of 200 to 80 kHz,
a considerably narrower width than that of the absorptior
line inside the SDW state. Since we were unable generat )
pulses short enougthigh enough voltageto cover the spec- 0.2~ 3
tral width of the absorption line beloWgp,,, we measured b -
the SDW absorption line widths by compiling a histogram of
the absorption amplitude as a function of field at a fixed
frequency, much as in a CW measurement.

In T, measurements, a comb ef2 pulses was used for
saturation. The recovery of the magnetization was then fol-
lowed over at least one decade usi{— 7 pulses. InT, FIG. 2. T;* vs T aboveTgpy. The inset shows IN(; %) vs
measurementssr/2— /2 and w/2— pulse sequences IN(T—Tspw)-
were used, and the decay of the magnetization was then fol-
lowed over at least one decade. The error bars offthend  fluctuations associated with the SDW transition are weak and
T, data presented in the following sections reflect the errothat the temperature dependenceT@d is crossing over to
of a single exponential fit to the time evolution of the YECOV-Tile, but the range and resolution of our data do not allow
ery or decay of the nuclear magnetization and, except ajs to determine this unambiguously.
temperatures close fspy, most are of that order. In our  The scaling ofT; * exhibited in the inset is consistent

relaxation rate measurement we estimate the maximum ajgith that of a 3D antiferromagnetic transititrfirst reported
tainable accuracy to be around 10%linwhich is similar to by Wzietek et al?: Tl—l ~(T—Tepw) " »=0.48+0.05

what has been achieved previously.

The availability of power poses constraints on the use o{
resistive magnets for NMR and our results were gathere
over a six month period. To ensure consistefigywas mea-
sured at 4.2 K on each occasion and found to differ only t
within a few percent for a given orientation.

-1
logyo (T; )

T,-1 (ms™)

04H

001 1 ] 1 1 1 1 =
14 16 18 20 22 24 26 28

TK)

where v is obtained by a linear fit of Iri(l_l) Vs
(T—Tgpw); the error quoted is the error of thelfifThis
uggests that fluctuations are important over temperature
scales on the order of at lealsK aroundT gpy. We contrast
%his with calorimetric dat where the signature of the in-
cipient transition starts at 0.3 K aboVgpyy.
In addition, we have measured the temperature depen-

IV. RESULTS dence ofT} and the Knight shift over the same temperature

The temperature dependence Bf* at 17 T over the 'ange, as shown in Fig. 8The fourth inequivalenf’Se site

. h .
complete range of our investigation is shown in Fig. 1. ThreéfS unrre]solv_ed ;orH||c; ’ plrobably bec?/:;lse of tfheht"t r?way
distinct regions oﬂ'l_1 behavior are seen which correspond rom the axis of rotationa symmeto). /e may it the three

to the metallic state Teou<T), the first SDW state observed absorption lines to a composite Lorentzian over the

, . . whole temperature range, as also shown in Fig. 3, and
(T°<T<TSDW)’ and. the onset of actn./ate.d behavior thereby obtain the temperature dependence of the line shift
(T<TY). In the following sections we describe in turn these(i e., the Knight shift andT% . The latter we estimate by the
three regimes and also examine the behavior of key features, 2

in the resonance spectrum at the transition tem eratur%all width at half maximum (FWHM) of each line:
T P PEralures /rx)=1= FWHM (Fig. 3. We find the Knight shift to be
SDW c-

temperature independent, reflecting the metallic nature of
. (TMTSF),PF4 in the temperature range immediately above
A. Metallic state Tsow- T3 , however, is observed to decrease upon approach-

A detail of the behavior off; * in the metallic state be- ing the transition. Qualitatively, it is to be expected that the
tween 30 andTgpy (=13 K at 17 T is shown in(Fig. 2. spin-spin relz_axation rate increase_s_ when the critical fluctua-
Our results are consistent with the notion of Korringa-liketions preceding the phase transition slow down upon ap-
relaxation in the metallic state, with deviations Bgpy is ~ ProachingTspw. _ _ _
approached. This interpretation is, however, complicated by The data abov@gpy in the metallic phase shows differ-
the fact that the charge transport along the least conductingnt temperature dependences Tqr and the Knight shift.
axis degrades at high temperatures and a change occurs Ta © depends on the summation gfq) over allq vectors,
the effective dimensionality of the transport. Earlier mea-with x(2kg,T) the dominant one for a 1D conductor. In
surements by Wzietekt al?! have shown that &f~100 K,  contrast, the Knight shift depends only on the static term
the relaxation departs from the Korringa law. At the upperx(q=0). This difference in temperature dependence most
end of the temperature range we studied, we assume that thikely arises sincey(q=0) has a different temperature de-
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FIG. 3. (a) Fourier transformed spin echoéfsom top to bottom: at 14.9, 18.5, 25.8, and 32.1af several different temperatures in the
metallic phase(b) A Fourier transformed spin echo and the corresponding numerically fitted Lorentzian absorptiorHljo&saxis,
H=17 T, T=17 K. The shift is with respect to,= y|H|/27. (c) The linewidth and théd) line shift in the metallic state as obtained by a
Lorentzian fit to the absorption spectrufn) plots the sum of the FWHM (27%) of the three absorption lines depicted(). This gives a
measure of the total linewidth. The solid markers show the FWHM of the SDW absorption spectrum as fitted by a single Lorentzian. The
insert to(c) shows the FWHM of the individual linegl, p2, andp3 labeling the peaks itb) from left to right. (d) The line shifts of the
three absorption peaks with respectitp= y|H|/27.

pendence tharX x(q,®), where the latter contains weakly A=11 K and A=9.2 K previously reportet®*® The gap
divergent behavior nedrgpyy . valuds) is also in good agreement with that obtained from
transport® We note also thaf; * vs T is well approximated
by T°, in agreement with earlier NMR resuf The data
clearly suggests that there are two distinct relaxation mecha-
Our T, data belowTspy is shown in Fig. 4. Between nisms at work above and beloWw. .
Tspw and T the temperature dependenceTafis strikingly The temperature variation of the composite SDW line-
Korringa-like. Qualitatively, it resembles that of Takahashiwidth measurements is shown in Fig. 6. Both the line shift
et al: as in Ref. 16, the temperature dependencg;dfis at  and the linewidth are seen to be temperature independent, to
first approximately linear, and thef; ' decreases precipi- within error, over the range shown. The fractional lineshift
tously belowT.. The only notable difference between our v/vg, is ~4.2x 10" %, about 10 times less than in the metallic
’Se and Takahashi’s proton data is that in our case, thehase. Qualitatively, this is consistent with the suppression
“kink’” at T(’: more resembles a “shoulder” and it occurs at of the metallic state Pauli SUSCGptibi”ty in the SDW phase.
a higher temperature, 440.2 K. Although we have not yet The linewidth is consistent with a static internal field of ap-
systematically investigated, as a function of magnetic Proximately 350 G. We note that neither the linewidth nor
field, and therefore frequency, it may be tHgg is field the line shift change significantly upon cooling beldv

and/or frequency dependent. Sifitg,, increases with field which puts constraints upon the nature of the transition. Both
a similar behavior off; is certainly likely. Indeed, Musfeldt are probably dominated by the SDW wave in the SDW |

et al** have observed a shift upwards in temperaturéjimt phase, so the change, if any, to the structure of the SDW in

lower fields (up to 3 T) in measurements of the dynamic going from SDW I to Il must be small.

dielectric constant where frequencies two orders of magni- L

tude greater than thé’Se NMR frequency were used6 C. Relaxation in SDW |

GHz vs 136 MHz. In Fig. 4 we plot T;T) ! vs T below Tgpy. It is essen-
We further note thal; becomes activated beloW, (Fig. tially constant betweefispyy and T, as one would expect for

5) with the activation energy apparently changing from 12.7Korringa relaxation. This relaxation behavior is consistent

to 8.0 K at=3 K which agrees reasonably with the values ofwith the existence of free carriers, electrons, or holes in an

B. The SDW state
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incompletely nested SDW. If this is the case, the enhance-
ment of Tl_1 below Tgpy is caused by the Fermi level's
cutting across the bottortor top) of an electron(or hole
band where the density of states is greater than at the Fermi
level in the metallic state.

The SDW, however, has three possible types of excita-
tions which could also provide a relaxation mechanism in
SDW |. They are antiferromagnetic magnons and excitations
which correspond to fluctuations in the phase and amplitude,
respectively. The amplitude fluctuations have characteristic
energies larger than the SDW dapnd can be ruled out.
Hanson has argued that the magnon contributiohHespin-
lattice relaxation in the SDW state is smHlIThis leaves the
phase fluctuations, or phasons. Their dispersion reldfam 0.10 0.20
q<2Kg) is w,4(q)=veq where the Fermi velocityg is T exp(-a/T)
taken to be that of the metallic state since a SDW transition
does not change the band mass.

We therefore consider the recent prediction for the SDW  FiG. 5. (a) In(T; %) vs T~ in the SDW state below 4 K. The
phason relaxation rate proposed by Clatlal* [Eq. (2)]. In average gap value over the whole temperature range is
a simple model connecting the fluctuating fields at a nucleug =10.0-0.5 K. (b) T;Y vs TA+T?)e T (¢ T;% vs

' (10% ms™)

T

to the phasons, they predict that Te AT,
1 ykgT(6H?)a"(w) e=1+4mNa, €'=47Na” (N being the volume density of
T, N2 2 , (2 the SDW waves™ If w and(SH, ) are constant, this rela-

tion has the same temperature dependence as the Korringa
where(8H?) is the mean squared amplitude of fluctuatingmechanism, but it has the advantage that we can use it to
field perpendicular to the static external fieMjs the SDW  estimateT, or, having measuredi,, estimatee”. Using the
wavelength, o is the NMR observation frequency, and value of the fluctuating field obtained by assumiag= 1
a"(w) is the imaginary part of the polarizability”(w) is  (see Sec. IV ), we calculate the magnitude ef at 136
related to the complex dielectric constant viaMHz and 4.2 K. It is approximately an order of magnitude
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of the frequency dependence ®f in the SDW phase is
I needed to determine which relaxation mechanism dominates
- betweenTgpy and T .

a)

D. Relaxation belowT/

- We next address the nature of the relaxation mechanism
belowT/ . In essence, we propose that the SDW | relaxation
is provided by the residual carriers at the Fermi level, and the
- SDW gap becomes complete beldly, extinguishing the
Korringa relaxation. Our argument is based on the consider-
= ation of the spin-lattice relaxation rate of the itinerant spins
< . in a semiconductot> Here the Boltzman distribution is sub-
O 1 . L ' . L» stituted for the Fermi distribution before performing the in-
-400 -200 O 200 400 600  tegration over energy, weighed by the density of states, that
sums the relaxation contributions of the itinerant carriers. In
the case of a metal, it is the integration over the probability
| | ] 1 ! of occupation and vacancy of the initial and final states of the
9l b) _ electrons, respectively, weighed by the density of states at
the initial and final energy levelg; and E; that gives the
{ { { { { I - Korringa relaxation raté'[l. Specifically, the integration is
over the expression

Amplitude (arb. units)

Frequency (1 0’ Hz)

p(E)p(E)T(EN[L—T(E)]|(i|H|f)|?S(Ei—E¢+ 7’nH)(3

Lineshift (10" Hz)

(where the last two factors describe the electron-nuclear in-
1F - teraction. In the case of the Fermi function
| 1 i | | f(E,)[l_f(Ef)]NkT(S(E|_Ef) and EimEf%EF, and the
Tl‘lochZ(EF) relation emerges. We draw attention to the
fact that this expression is independent of dimensionality as
6fF ! ! ! R expressed in the dimensional effects on the functional depen-
c) dence of the density of states on energy. Because of the term
S S(E;— Ey), the functional dependence of the density of states
B { { { _ on energy does not affect the integratfin.

Consider now substituting the Boltzmann distribution
_ P(E)=ae ¥ for the Fermi distribution. We assume that
kT<A for the Fermi distribution, which seems justifiable
| . based on how well the data is fitted by this approximation. In
the case of a sparsely filled baffla is obtained by the
1 — constraint that an integration ovp(E)P(E) from the bot-
tom of the band, arbitrarily chosen as 0, to infinity, should
0 ] l 1 yield the total(and constantnumber of carriers1. In our
2 3 4 5 6 case, the number of carriers is temperature dependent, and
a can be taken as unity. Omitting the electron-nuclear inter-
T(K) action terms and bearing in mind tHat~E;, one finds that

FWHM (10° Hz)
N w E-N
]
——

"

FIG. 6. (a) A.composite SDW linewidth at 204T artd|c*. (b) ioc fxpz(E)ef ETYE, (4)
the line shift with respect tg/27H as a function of temperature. Ty Ja
(c) the linewidth as a function of temperature.
whereA is the gap energy. Here, the dimensionality of the

smaller thare” measured by Nadt al.at 10 MHz and 4 K> system comes into play via(E) which is proportional to
Their measurements @’ extend only to 10 MHz and, at 4 E?in 3D but constant in 2D(We do not consider strict 1D
K, show it to decrease monotonically with higher frequen-calculations to be appropriate in this sysjemm each case,
cies, consistent with simple Drude-like behavior. While thethis leads to relaxation rates proportional to
agreement is strikingly good, the uncertainty in our estimatd TA+T?)e”#¢T and Te™*/¥", respectively.
of (H?) and the lack of a direct measurementesfin the This approach is motivated by the fact that beld,
100 MHz make this quantitative comparison inconclusive. T, does not appear to be strictly activated, but by including

To summarize, we cannot distinguish between the metalthe effect of the density of states, as in the calculation above,
lic and SDW relaxation mechanisms because they both hawse predict relaxation rates which are in excellent agreement
the same temperature dependence. A detailed investigatianith the data. Unfortunately, the predicted behaviors of a 2D
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10
tative temperature dependence of thg' data and the pos-

sibly different criteria we may use to identify the exact po-
sition of the peak in temperaturghey have greater point

] density with respect to temperature but a considerably
: broader featupemay explain the discrepancy. Likewise, the
weaker coupling of the protons to the SDW could explain
why they observe the peak at a different frequency than we
do.

Assuming that the dynamical crossover of the type pro-
posed by Clark and co-workers is a true descriptiorT pf
one can use Ed5) to estimate the perpendicular and parallel
components of the fluctuating fielths at T; , using the mea-
| 1 L ! | sured values of; andT,. We obtainh, ~h~115 G. One
24 026 028 030 032 034 expects the magnitude of the fluctuating field to be consid-

Inverse transition temperature (K™) erably smaller than the total amplitude of the internal field of
the SDW: if the phasons provide the dominant relaxation

FIG. 7. A comparison of thé’Se transition temperature at 136 mechanlsm in the SDW statg .OTMTSF)ZPF6’ the ph)./sma.l
MHz (H=17 T), with the frequency dependefH transition tem- displacement of the SDW giving rise to thg quctuat!ng field
perature as measured by Hang&ef. 17. should only be a fraction of the SDW period, causing each

nucleus to see, on average, a change in field corresponding to
and a 3D system are indistinguishable for a gapef10 K @ fraction of the total SDW amplitude. The latter we estimate
in the temperature range we covered. (from the ||neW|dth as ~350 G, soh can be considered

We have also measureél, * in the SDW state. We find Physically plausible.
that it decreases by a factor of 3, from roughly 0.2 to 0.6 ms
upon cooling belowT.. The T, * data is shown in Fig. 4.

The noise of the data prevents one from making any defini- V. CONCLUSION
tive statements about_t?e nature of th,e temperature_(l:iepen— We report on a very high magnetic field study of the
dence other than thal, * decreases af.. However, T, 77Se NMR spectrum and relaxation in the material

9 T T T T I not fall exactly on theiw, vs T~ curve, the different quali-

o =exp(-A/T)/1,

10° —"H data fit
® This work (77Se)

T T T T

QO B N

andT, " are connected Ky (TMTSF) ,PFg which exhibits a complex ground-state be-
2 havior in the range of temperature beldwpy~12 K. In
1 Y70 v h?) ot ¥2h2r,, (5) terms of the pain lattice relaxation behavidr;(‘), we ob-

Ty 1+wgrg * Y7 T, 2Ty 2o serve a transition from metallic to spin fluctuation behavior

which scales as a power law of { Tgpy) as the critical
temperature is approached. Beldwp,,, we find that within
the main SDW phase the value ®f is greater than in the

whereh; is thei=x,y,z component of the fluctuating field
(z being the direction oH), g is the fluctuating time scale,

and w, is the angular frequegtlzy of th_e NMR resonance. Itmetallic phase, but that the temperature dependence is
could be that the decreas?'lrri is attributable to the van-  ,ringa.like. We interpret this behavior as a result of the
ishing contribution of theT, ~ term in Eq.(5). This would  cqexistence of both conduction electrofi®les, left over
leave a residual, *~y*hZro. In the limit of fast fluctua-  pecause of the imperfect nesting of the Fermi surfaes-
tions, 7p<Ty, T,, and the convergence & andT, canthen jng an incomplete SDW gamand the SDW phase. We find
be explained as arising from a change in the anisotropy ofhat reasonable models for spjshason relaxation have the
the fluctuating field. Whe,=hy=h, [Eq. (5)], T1=T,. same temperature dependence as the condugfiominga)

The slower relaxation rates beldly; can also possibly be mechanism and cannot be separated for a constant frequency
attributable to the decrease in the spectral density of the flugmagnetic fieldh We further propose that a detailed fre-
tuations at the Larmor frequenay, .}” Whenw, ~1/7, a quency (magnetic field study can help in separating these
peak will appear iﬁl’[l. The data of Clark and collaborators, terms. We note, however, that there may be magnetic field-
unlike ours and that of Takahashi and collaborators, exhibit @ependent effectssuch as o gpy) which are independent
weak peak inTl’l atT.. If such a peak is brought about by of frequency. Below a lower temperaturé,(~4 K), we
the coincidence ofs, and 7, *, T, should appear activated observe an activated behavior Bf in temperature. We pro-

when plotted as a function of frequenty: pose that belowl, the SDW gap becomes complete and
that the Korringa relaxation mechanism is removed. A

I simple Boltzman activation model provides an excellent de-

WL_T_Le ' ©) scription of the results. We demonstrate that very high field

NMR on a nucleus {'Se distinctly different from previous
Clark and co-workers studied the frequency dependence of proton studies at lower fields provides a similar description
T, and found that it fits this law rather well with~ 18 K. of the (TMTSPF) ,PFg ground state and, furthermore, opens
We plot their data and our location @f, with respect to the way to future studies of these materials in very high
frequency and temperature in Fig. 7. While our peak doesnagnetic fields.
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