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NMR in magnetite below and around the Verwey transition
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NMR on ®Fe nuclei was measured in two single crystals of magnetite between 4.2 and (1&8erature
of the Verwey transition,,=121.5 and 123.9 K We were able to register all lines detected at 4.2 K also at
higher temperatures up M, . The spectra are compatible with the space grégp which predicts 8 and 16
lines for iron on tetrahedralA) and octahedra(B) sites, respectively. One of the F( lines is doubly
degenerate for all <T,,, which restricts the possible models of theFeand Fé" ordering on theB sites.
Above Ty, no remnant of the low-temperature spectrum was detected. At 4.2 K the NMR spin-spin and
spin-lattice relaxation times were determined.

[. INTRODUCTION low Ty is also unclear. From an early study of the nuclear
magnetic relaxation in magnetite Mizoguchi and Inbde-

Magnetite FgO, is a mixed valence compound with the duced that above 80 K the charge carriers move with the
tetrahedralA) sublattice completely occupied by ferric ions, frequency higher compared to the NMR frequency. This con-
while in the octahedra(B) sublattice half of the sites are clusion was based on an indirect evidence, as they were un-
occupied by F&" and half by F&" ions. At high tempera- able to observe the spectra of iron on Bisites above 14 K
tures the crystal symmetry is cubic and both NMR andand only the relaxation of Fe oA sites was studied in the
Mdssbauer spectroscopy see no difference betweghded  whole temperature range.
Fe*" ions on theB sites, pointing to the delocalized charac-  The electric conductivity abové, has been explained by
ter of the charge carriers. At the Verwey temperaflijehe  Ihle and LorenZ as a superposition of small polaron band
crystal symmetry is lowered to monoclinic and the electricand hopping conductivities. These authors believe that due to
conductivity drops by more than two orders of magnitude.a strong intersite Coulomb interaction a considerable short-
The NMR spectra of/Fe on theB sites at 4.2 K show that range order of & and Fé" persists abov@y .
the charge carriers are localized or, at least, that their hop- In the present paper the temperature dependencéref
ping time is much longer comparing to the characteristitNMR in magnetite is studied by the spin-echo method be-
time of NMR measurement (16 s). Despite considerable tween 4.2 and 135 K. There exist several earlier measure-
effort many questions concerning the physics of magnetiténents of this dependengé but we succeeded in registering
below the Verwey transition remain open. In particular theredll lines detected at the liquid-He temperature also at higher
is no consensus concerning the ordering of 'Fand Fé*  temperatures up tdy. At the liquid He temperature the
on the octahedral sites. By analyzing the angular dependendé®iclear spin-spin and spin-lattice relaxations were also deter-
of NMR spectra Mizoguchi proposed an ordering paftern mined. To ascertain whether a short-range order exists above
which is in conflict with the symmetry grougc found by Ty and whether belowr, some of the charge carriers give
)(-ray,2 neutron® and electron-diffractich experiments.  rise to the motionally narrowed spectrum, the NMR close to
Moreover, the measurements of the magnetoelectric effe¢he Verwey temperature was measured.
(Ref. 5 and references thergindicates that at low tempera-
tures the symmetry may be triclinic rather than monoclinic.

Fe** ion has half-filled 3 electron shell and zero angular
momentum in the ground state. On the other hand, the In most of the experiments a synthetic;©g single crys-
ground state of the free Fé ion (electron configuration tal with T,=121.5 K was used. Measurements at 4.2 K were
3d% is °D and considerable orbital momentum remainsrepeated using a high-purity synthetic;6g single crystal
even when the’D term is split by the crystal field. As a with T,=123.9 K, for which also NMR spin-lattice relax-
consequence faster NMR relaxation is expected for the feration timeT,; was determined. Very pure crystal is prepared
rous ion, which may help to establish the correspondenc&om iron oxide, which is obtained from the decomposition
between NMR lines and the valency of iron. Yamial®  of pure iron oxalate. The crystals were grown by a floating-
measured the relaxation of several NMR lines, no suctzone technique using a homebuilt mirror furna2eNMR
analysis was attempted, however. spectra were measured by the spin-echo method using the

The dynamics of the charge carriers for temperatures bephase-coherent spectrometer with an averaging technique

Il. EXPERIMENTAL
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FIG. 1. NMR spectrum of’Fe in FgO, single crystal obtained FIG. 3. NMR spectrum of'Fe obtained at 121 K.

at 4.2 K.

B9, and partially als®8, are masked by intensive liné4 ,

and the complex Fourier transformation. The measurement32. At elevated temperatures, due to the steeper temperature
were made at zero external magnetic field. The high rf poweflependence of the resonance frequerig§, and B9 lines
was used in order to excite only the signals from the doome out of the Fe&X) spectrum, whileB10 andB11 lines
mains. At 4.2 K the NMR spectra of both Samp|es were Ver)DCCUl'S within it. The temperature dependence of the NMR
similar. We did not attempt to anneal the crystals in an exfrequencies is shown in Fig. 5. The resonance frequency,
ternal field, where the treatment is known to make the specilinewidth, and relaxation times of the NMR lines at the lig-
men untwinned and leads to narrowing of the NMR lihés. Uid He temperature are summarized in Table I. In order to
The signal-to-noise ratio was significantly improved by usingcompare the intensity of the NMR lines we performed a stan-
the Carr-Purcel pulse sequen¢eSpin-spin relaxation time dard f2 correction of the spectrum. Moreover, we also took
T, can be then determined from the decrease of the Spidnto account the fact thaf, is different for different lines
echo amplitude in the echo series. This may be performed fatnd reconstructed the spectrum in the limit:0, wherer is
every value of the excitation frequency. The spin-lattice rethe time interval between the exciting and refocusing radio
laxation timeT, was determined from the dependence of thefrequency pulses. In Table | the aredsunder the lines of
maximum of the amplitude of the line in question on thesuch reconstructed spectrum are givép, T,, andS for the
repetition time of the two-impulse spin echo. We found,line B9 could not be reliably determined, hence these values
however, that neither spin-spin nor spin-lattice relaxation ar@re omitted. Because tHé correction is only a rough ap-
strictly exponential. proximation to the frequency dependence of the spin-echo
amplitude and because the relaxation is not strictly exponen-
tial the values ofS should be taken with some caution. Nev-
Il RESULTS ertheless, we can conclude with some confidence that the
The spectrum measured at 4.2 K is shown in Fig. 1. Infineé at 69.606 MHz is a double line. It retains the doubled
Fig. 2 the region of the intensive F& lines is presented. INtensity also at higher temperatures as clearly seen in Fig. 4.
The resonance frequencies as well as the lineshapes are véf{jth possible exception of the lin&3, relative intensities of
close to the ones observed by Mizogutfiihe spectrum at the NMR lines are similar (0.#05<1.21) indicating that
121 K is shown in Fig. 3, while the region of F& lines at  the lines originate from the same numberdFe nuclei.
118 K is displayed in Fig. 4. It is seen that at 4.2 K the line Above Ty the spectrum is reduced to two lines as ex-
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FIG. 4. Region of F&"(A) lines at 118 K. The arrows indicate
FIG. 2. Region of F&'(A) lines at 4.2 K. the frequency of eventual motionally narrowed spectrum.
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—r v [ 1t 1 [ 1 T TABLE I. Resonance frequencl.s, linewidth A, spin-lattice
B (A) 7 relaxation timeT,; and spin-spin relaxation tim&,, and areas of
7 NMR lines in magnetite at 4.2 K.
705 |- -
P 7 Line fres(MHz) A (MHz) T, (s) T, (ms S (arb. units
B - B1 48.856 0.044 6.6 59.2 1.19
) . B2 49839 0340 7.1 16.2 1.16
2 700 . B3 50.783 0.125 5.4 7.4 1.05
ke \ 7 B4 66.459 0.178 10.6 12.3 0.94
i i B5 67.900 0.310 109 149 0.90
i B6 68.249 0.188 8.5 27.8 1.09
so.5 |- AN B7 68.840  0.124 103 7.3 0.83
L - B8 69.507 0.086 7.4 225 0.95
= - B9 69.630 ~0.2
T — B10 70.900 0225 82 7.8 0.94
0 50 100 B11 71.285 0287 9.2 9.0 0.79
T (K B12 72.292 0.188 8.2 11.7 0.88
1 T — B13 73.071 0.215 8.2 16.8 0.99
74 {g——sa . ® L B14 73.908 0.065 7.8 97.4 1.11
o—o—3-88s B15 74.061 0.031 6.5 220.9 1.03
72 - Q—O\N\N r Al+A2  69.606 0.019 79 197 2.42
< | °—e\_¢,\w A3 70.004 0.040 83 273 1.48
Z - 9_—9\\ I v 70087 0015 7.9 240 1.20
N L —o—ocol | A5 70.245 0028 7.8 161 1.08
W A6 70280 0017 7.8 201 1.13
68 o r A7 70.334 0.015 7.8 239 1.17
1 r A8 70.622 0.009 7.6 446 1.12
66 - °t -
——T—————7——7—
52 1 _// aboveT,, is best demonstrated using the intensive and sharp
spectra of theA sites. The inspection of Fig. 6 reveals only a
4/ single Fe@) line and no remnants of the low-temperature
501 NMR spectrum. Consequently no static short-range order is
——' present abové, . However, there may be a short-range or-
18 der which fluctuates with the frequency higher than the NMR
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FIG. 5. Temperature dependence of the NMR frequency of lines
corresponding to Fe on tetrahed(a) and octahedra(B) sites.

pected for the cubic symmetry and magnetization along the
(100 direction. The very narrow line at 69.590 MHz corre-
sponds to F&" ions on theA sites, while FeB) ions give
rise to the line at 66.297 MHz. At+=125 K the system un-
dergoes g100)—(111) spin reorientation transition, which
leads to the splitting of the FB{ line to two lines with ideal
intensity ratio 1:3. The line at lower frequency corresponds
to the B sites for which the local trigonal axis is parallel to
the magnetization, while the remainifgsites give rise to
the higher frequency line. The development of the NMR
spectrum abovdy, is shown in Fig. 6.
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IV. DISCUSSION

FIG. 6. NMR spectrum of’Fe in FgO, single crystal above the
Verwey temperaturdy,=121.5 K. At 122 K the magnetization is
along (100 and the leftright arrow indicates the region of the
Fe(A) spectrum forT below Ty . At 133 K the magnetization is

First we discuss the spectra in the vicinity of the Verweyalong (111) direction. 84 is the splitting caused by the trigonal
transition. The eventual presence of the short-range ordemisotropy of the hyperfine field.
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Within the sensitivity of our measurement the NMR spec-the missingB line is desirable, we can conclude that the
trum retains its character in the whole temperature intervaNMR spectra observed beloW, are in accord with the&€c
4.2 K<T<Ty, in particular there is no trace of the motion- symmetry of magnetite. In this context the fact that we have
ally narrowed Fef) spectrum close td (Fig. 4. As the  observed theB9 line is important. Note that its existence
charge carriers are believed to be localized at low temperazould only be ascertained by careful measurement of the
tures, we conclude that for all temperatures beldwthe temperature dependence—this is the reason why onlg 14
charge carriers either remain localized, or at least they movknes were found earlier.
with the characteristic time much longer compared to the As half of theB sites is occupied by-8 and other half by
characteristic time of the NMR measurement (1.52+ iron, eight of the FeB) lines should correspond to Fe

X108 s). and eight to F&" jons. This contradicts Mizoguchiwho
The NMR frequencyf is connected with the effective ascribed only five of theB lines to the ferric ions, conse-
magnetic fieldB by quently his ordering scheme of iron valencies cannot be rec-

onciled with theCc symmetry. The main basis of the Mi-

zoguchi ordering scheme comes from the measurement of
f= y||§|/277, ) the angular dependence of the five NMR lines ascribed to the
Fe**(B) ions. The magnitude of corresponding anisotropy
of the resonance frequencies is larger than 2.5 MHz, at least
for some of the lines. Abové, we found that the anisotropy
caused by the trigonal local distortion of the octahedral sites
= A= is 1.2 MHz (it is equal to 9/8 of the splitting;; between
B=Au+Bap. 2) Fe(B) lines in Fig. 6. Below Ty the magnetic moment in-
A and are the hyperfine coupling tensor and the electroni"€@ses by=1% only and the increase of the trigonal anisot-

magnetic moment, respectively. The temperature dependenf@PY Py more than a few percent would be surprising. The
of f below the Verwey transition is connected with the anisotropy connected with the trigonal distortion is thus only
smaller part of the anisotropy found in Ref. 1. This contra-

] ] } - dicts one of the assumptions made by Mizoguchi when ana-
with the increasing temperatur&(T) reflects the tempera- |yzing the angular dependence, explaining therefore why his
ture depend_encg of the order_lng paramegieand for in- proposal for the ordering may be incorrect.
equivalent sites it may have different character. Abdye A conspicuous feature of the spectra observed is the dou-
p=0 and there is only one FB] line at fg(T\)=66.297  pjing of the lowest frequency FAj line. As this line is not
MHz. It is therefore not surprising that for R lines with  proadened when the temperature is increased, we can con-
f<53 MHz A(T) dependence dominates and the frequencylude with some confidence that two formally inequivalent
of these lines increases with increasing temperaffg) of ~ Fe&** ions, which give rise to this line, have nearly the same
the lineB5 (Fig. 5 is of interest. Foim=100 K its frequency oxygen environment and also their effective exchange fields
is lower thanfg(Ty), while it is higher at low temperatures. Hg,., are equal. Analysis of the line shape shows that the
This behavior may be understood if we take into account thatlifference ofHg,, larger than 2% would already lead to
there are several different ordering parameters, one concerdgtectable splitting of the line. Equality &f.,., means that
the crystal structure, the other corresponds to the ordering cflso the cation environment of the two sites in question must
iron valenciedthis is an oversimplification as more ordering be very similar, requiring the same number of nearest
parameters are involvéd. NMR frequencies observed be- Fe*(B) and F&*(B) neighbors and very close geometry of
low Ty, reflect only the change of the crystal structdrend  the Fe®)-O?"-Fe**(A) triads. This provides a stringent
w and they are not influenced by eventual decrease of theondition for the arrangement of iron valencies on fe
valency ordering. The static change of the valency orderingublattice. Until now all models of this arrangement make
would result in broadening of the lines, while the dynamicuse of the Anderson condition for the short-range ordelfng,
change connected with the hopping would produce a distinciyhich states that in every tetrahedron formed by nearest-
motionally narrowed spectrum, which is not observed. neighborB sites there are two Bé and two Fé" ions. As

We now turn to the problem of the crystal symmetry andshowed by Zucet al? there are only nine modeldeaving
ordering of iron valencies beloW,,. The monoclinic cell of  out the original proposal of Verwgywhich possess th€c
Fe0,4 contains 32 formula units with 32 and 64B sites, symmetry and comply with the Anderson condition. We
which numbers are reduced B¢ symmetry to 8Aand 16B  made an analysis of the geometry of FEA) environment
crystallographically inequivalent sites. For magnetizationusing the positional parameters given by lizuenial 2> Only
along[001] (easy direction of magnetization at low tempera-one of the nine models—model 6 in the notation of Ref.
ture9 the presence of magnetization does not reduce thé—satisfies the requirement that relative positions of the
symmetry, so there are 8 and 16 magnetically inequivalenbxygen ligands and the neareBt neighbors of two of
iron ions onA and B sites, respectively. As a consequence,Fe**(A) ions is the samdmodel 2 is preferred by Zuo
using the symmetry only, 16 FB] and 8 FeA) lines are et al,* on the basis of the electron-diffraction stuidyVe
predicted in the NMR spectrum beloW,. Indeed we ob- have to note, however, that unfortunately in order to facili-
served eight lines corresponding to’Feons on theA sites,  tate the structural analysis lizuret al3 assumed orthorhom-
but one of the Fe&g) lines is missing. It might be, however, bic Pmc2; symmetry group and it is difficult to estimate the
hidden in the intensive FA() spectrum(cf. rather large in- effect of this approximation on the calculation of the exact
tensity of lineA3 in Table ). Though further effort to find geometry.

wherey is the gyromagnetic ratid is the sum

change of bottA and,&. While |,42| decreases monotonously
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Inspection of Table | reveals that the spin-lattice relax- V. CONCLUSIONS

at_ion timeT, is almost the same for all resonance lines and, The analysis of the NMR spectra below and around the
with the exception of three lines, aldg of the B lines has  venyey transition brought several significant results. Above
the same order of magnitude. This does not correspond to thg, the spectra reveal that if the short-range order exists for
usual situation, when Bé relaxation is much faster, and it T>T, it must fluctuate rapidly. Belowl,, we showed that
indicates that there may be a strong mixing af3lectron  the NMR spectra are in accord with ti@&c symmetry and
configuration of F&"(B) with the 3d® configuration of the reason was given why the earlier anafysisthese spec-
F&"(B). Such strong mixing is further supported by a bond-tra may be incorrect. Finally, and perhaps most importantly,
length analysis, which we performed using the structure datthe NMR relaxation results and also the bond length analysis
of Ref. 3. For the nine models of the valency ordering, whichindicate that belowl, the states of iron ions on tH# sub-
satisfy both the Anderson condition and @& symmetry, lattice are mixed so strongly that the notion of Zand 3+

the ionic radii of F&*(B) and Fé"(B) were calculated. The Vvalency may lose its meaning.

result is surprising—within all models the difference of these
radii AR, is very small(maximal AR,,,=0.01 A), con- ACKNOWLEDGMENTS
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