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EPR line broadening and magnetic phase transitions in antiferromagnetic FeP,O,
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The EPR linewidths of polycrystallinesamples of antiferromagnetic ferric metaphosphate {FeP3Oq) has

been measured in the range 0.01 g T —T& g 100 K (T„= 9.3 K). The widths were fitted to a
Power-jaw form (T —Ta)r In t.he reduced tem-Perature range 0.03 & e & 0.7 [c=(T —T„)IT„],
the best fit gives y ~ —0.67. For a & 0.02, the change in linewidth is very slight. At high

temperatures such that c & 1, far above the critical regime, we obtained y = —1.65. These results are
quite similar to some recent results of Birgeneau on NiC12. Spin-flip transitions have been observed

from individual crystallites in the polycrystalline samples at 4.2 ind 1.6 K. By cycling the magnetic

field and temperature we obtain a signal at 4.2 K which exactly mimics the EPR signals for T & TN
(T„= 9.3 K) with no sign of the spin-Qop transitions. This implies a striking hysteresis in the II-T
phase diagram.

I. INTRODUCTION

Ferric metaphosphate (Fepaoa) is a nearly col-
orless, crysta1llne material first prepared by
Brasseur. The crystal is monoclinic~ and gener-
ally the growth habit leads to smaQ, needlelike
single crystals (1x0.05 mme). Since ferric com-
pounds are rarely clear in the visible, it attracted
some interest in the early 1960s as a potential
Faraday rotation modulator. However, in the

glassy state, it was found that the optical loss is
very large throughout the visible spectrum. Evi-
dently the PQ3 complex is strongly bound in the
crystalline phase so that the Fe3'- Qcharge-trans-
fer bands are well into the ultraviolet (- 3250 g,
see Ref. 1). In the glassy state, the coordination
changes sufficiently for the charge-transfer band

to move into the visible region, typical of ferric
oxides. Berger et al. have investigated the mag-
netic properties of Fep309 and report an antiferro-
magnetic transition at 10.6 K. This measurement
was repeated in the course of this study (by R. C.
Sherwood of Bell Labs. ) and we find the Neel point
is 9.5+0.4 K (see Fig. 1). The linewidth studies,
discussed in Sec. Q, narrow this range to &~= 9, 3
+0.05 K. The Curie-gneiss temperature extra-
polates to 10.9+ 2 K (this involves using some
higher-temperature data not shown in Fig. 2), in
reasonable agreement with Ref. 2. The variation
in magnetization with magnetic field at 1.55 K is
shown in Fig. 2. There is some indication that the
magnetization remains nonzero at zero applied
field, implying a slight canting of the sublattices
(or canted ferromagnetism). The sensitivity of
the apparatus is, however, not sufficient to be cer-
tain of the canting, since the indicated residual
magnetization 4mM is only 23 Qe, barely outside
experimental error.

The effective magneton number calculated from
the susceptibility data was determined to be 5. 9,

clearly indicating Fe+ with the "high spin, "
5'Sqa

ground state. (The theoretical magneton number
is 5. 92. ) The paramagnetic-resonance signal at
X band (-9 6Hz) was obtained for a coarse-powder
sample. At room temperature, a single structure-
less line is observed with g= 2, 025+ 0. 025 with a
half-width of 325 Q. The large linewidth made a
more accurate determination of the g value very
difficult. Using several small crystals with ap-
proximately the same alignment relative to the cav-
ity did not lead to stxucture in the signal or change
in linewidth. To the accuracy of this measurement,
the EPR signal is isotroyic.

II. LINE BROADENING AB'OVE T~

The Neel temyerature of FepeQ9 is rather low
for ferric compounds. It is still in a region, how-
ever, where variable-temperature measurements
are easy using variable-temperature Dewars. It
appeared, therefore, to be a good material to ob-
serve critical broadening of the paramagnetic-res-
onance signal at especially low temperatures.

A conventional X-band EPR apparatus was em-
ployed using a direct video-detection systema To
minimize coupling of absorption and dispersion
signals, low-Q (-1000) under-coupled cavities
were used. A Janis Varitemp Dewar could vary
the temperature between 5 and 100 K. The helium-
Qow rates were kept as high as feasible and micro-
wave power as low as possible to minimize sample
heating. A carefully calibrated carbon resistor
(47 A, 4 W) was used to determine cavity tempera-
ture. In Fig. 3 we show a series of X-P' recorder
tracings of the EPR absorption signal as a function
of T —T„. The Noel temyerature was chosen as
the point where the EPH, signal seemed to disap-
pear. From the average of 10 runs, a value of

T~ = 9. 3+ 0.05 was taken as the Weel temperature.
However, in each series such as that depicted in
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FIG. 1. a~ (magnetization/g) of FeP309 as a function
of temperature.

Fig. 3, T —T„represents a measurement of tem-
perature relative to the plot chosen to represent
T„. The reproducibility of T„was & 50 mK.

The broadening of the EPR line as T approaches
T„is clearly visible in the set of curves displayed
in Fig. 3. There is also a shift of the absorption
peak to lower field as we approach T~. Similar
behavior has been observed in Cr2QS and in sev-
eral manganese monocalcogenides. 4 More recent-
ly, Seehra has investigated EPR linewidths in
MnF~ near the critical point (T„=6V K), and Bir-
geneau et al. have studied NiC1~ (T„=49. 6 K).
Qur measurements are at a much lower tempera-
ture than any of the previous works.

The data from many runs are plotted as a func-
tion of T- T„ in Fig. 4. The exponent of T- T„,
I y I is far less than 1.6 in the nieghborhood of the
Noel point. Note that far above the critical region
9~ T —T„~100 K, 1 «& 10, where ~ is reduced
temperature [e (T —T„-=)/7„], y is reasonably close
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FIG. 3, EPR absorption vs H for various T- TN (T„
=9.3 K).
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FIG. 2. 0~ (magnetization/g) of FeP309 as a function
of field (T&T„).
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FIG. 4. ~(x&/T) vs 2'-TN (arbitrary units).
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Birgeneau et al. 8 They point out that if Eg. (1) is
replaced by

I
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FIG. 5. AH(pz/T) vs T-Tz (very smal. l T-T„). The
ordinate has same units as Fig, 4. For AH, only the
width on the high-field side of the line was used.

to —1.6. Below T —T„=9 K, 0. 2 & e & 1, a rather
crude fit gives y-0. 68. (Note that the break point
for the two curves is chosen quite arbitrarily. )

At very low T —T„, the linewidth measurements
are difficult due to asymmetry of the absorption
line and loss of sensitivity. Using only the half-
width on the high-field side of the absorption line,
we obtain the data shown in Fig. 5 for 0. 01 & T —T„
~ l. 0 K, 0. 001 & e & 0, 1. A rough fit to (T —Ts)"
gives y= —0. 235+ 0. 03 in this region.

The product of integrated signal strength 8 and

temperature T is plotted against T —T~ in Fig. 6.
It can be seen that even for temperatures far above
T„, there is a definite reduction in the product
ST.

III. DISCUSSION

A current theory of critical broadening above

TN is based on the relaxation of spin fluctuations
in the random-phase approximation (RPA). The
theory of the critical broadening is described in
Ref. V(a). Basically, this theory shows that the
temperature-dependent part of the linewidth is pro-
portional to a function A(T). The function A(T)
may be evaluated using the RPA in the limit of
isotxojic fluctuations and some simplifications in

the q-space summations. The result is

&(T)-(T/x )t'",
where $ is a correlation length for the spin fluctua-
tions. The correlation length must be a function of
T —T„. Neutron- diffraction experiments give

(T T, )-0.83

a(T)- (T/x, )(T —T„)'"'.
The data in the high-temperature region of Fig.

4 can be fitted to (T —T„)", where y= —1.65+0. 2,
which conforms quite well with Eq. (2) but at tem-
peratures well outside the critical regime. This
result is undoubtedly fortuitous. Jn the range 0. 1

&T —T„&10K, we obtain y= —0.675+0. 1. This
result is essentially the same as that observed by

IV. ANTIFERROMAGNETIC RESONANCE AND MAGNETIC

PHASE TRANSITiONS

At 12 GHz, no magnetic resonance signal for
H & 25000 G was observed at any temperature be-
low T„. This also proved to be the case at 18 GHz
for H &25000 G. The resonance signal in a 34 GHz
spectrometer (derivative) at 4. 2 K is shown in Fig.
7. The structure is due to unresolved spin-flop
transitions in the polycrystalline sample. At
1.6 K, spin-Qop transitions from individual erys-
tallites are clearly evident (see Fig. 8). Note that
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FIG. 6. Product of line strength (S) and temperature
vs T —Tg,

instead of the RPA result $', good agreement is
obtained. The agreement between our results and
Ref. 6 is rather surprising since the crystal sys-
tems and Ndel temperatures are so different.

The results for very small T —T„, Fig. 5, are
included primarily for completeness. As stated
previously, the EPR lines in this regime are very
asymmetric with some signal even at H = 0. We
do not claim any special significance to taking the
helf-width on the high-field side of the line. How-

ever, the results are consistent with A(T), display-
ing a more "gentle" temperature dependence for
at least one of the crystal axes when T —T„&0. 3 K
(c &0.08). Other factors which may contribute to
this behavior are (i) the difficulty of placing T„
exactly and (ii) a slight variation of T„with crystal
axis. The power-law fit in Fig. 5 is for purposes
of comparison only. Perhaps a better description
of this data is to claim that the broadening satu-
rates when «0. 03.

Figure 6 may at first appear surprising; a nor-
mal paramagnetic substance would not be expected
to show a decrease in the product ST at low tem-
peratures. However, it is well known that short-
range order may be manifested well above the crit-
ical temperature. The formation of "exchange
pairs" will occur at the expense of the main reso-
nance intensity.
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FIG. V. Magnetic-resonance signal (d&'/dH) at 4.2 K,
v=34. 127 GHz.

the low-field edge of the resonance signal has
moved approximately 1000 Q toward higher fields
at 1.6 K as compared to 4. 2 K. The signal also
extends to much higher magnetic fields at 1.6 K,
and indeed, there still seems to be small signal
present at 14 kG. From the 1.6-K data, we obtain

a critical field~~ ~~

50

20

H, = [2 ' „/(i —n)] i =9.6 ko, (4a)
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FIG. 8. Magnetic-resonance signal {d&'/dH) at 1.6 K,
@=34.125 GHz.

The large amount of structure seen in Fig. 8 in-
dicates that spin-flop resonance signals may be
seen from crystallites which have a large angular
misalignment. This is more common in low-sym-
metry crystals (as in the present case) than in uni-

axial crystals such as MnF3.
If the direction of the magnetic sweep is reversed

(H is increasing in Fig. 8), the features seen in

Fig. 8 are shifted -230 6 towards lower fields.
This small hysteresis, representing a change in the
critical fields of only about 4. 6%, is typical of the
first-order spin-flop transition. In the case of uni-

axial crystals, the hysteresis can be represented

FIG. S. Phase diagram near AF-SF-PM triple point.
The diagram is just an approximation based on Ref. 23.
Since the triple point is hardly more than a guess, the
two possible paths are shown.

by

H, (AF SF) 2H~+H„
H, (SF- AF) 2He —H~

'

where AF and SF represent antiferromagnetic phase
and spin-flop phase, respectively, and 0~, H„are
exchange and anisotropy fields. For the observed
hysteresis, Eq. (6) predicts H„/Hz —-0. 023 and

H~ = 44. 8 kG.
The AFw SF transition is just one of a class of

magnetic-field-induced transitions. A second well-
known transition SF~ PM (spin&-flop to paramag-
netic) can occur at still higher fields. Although

AF w SF has been observed in many materials by a
variety of techniques ' ' 8' (including magnetic
resonance), the SFw PM has rarely been ob-
served 8'~ and never in EPR. There is considerable
literature on the theory of this transition in uniax-
ial materials. 3 Yamoshita 4 has described the
stability conditions for AF, SF, and PM phases
(as well as two new magnetic phases which will
not concern us). A phase diagram is illustrated
in Fig. 9.

As discussed above, the AF~ SF transition is
a first-order transition with a discontinuity in the
magnetization. The SF to PM is a second-order
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FIG. 10, Magnetic-resonance signal (d'x'/dH) at 4.2 K,
v=34. 125 QHz. This signal was obtained by increasing
H to 15 kG at 1.6 K, increasing temperature to between
4.2 and 7 K, allowing temperature to settle at 4. 2 K,
and finally reducing field to 5 K.

phase transition with continuous change in the mag-
netization. The critical field for SF PM, 0,
(SF- PM) is, according to spin-wave theory, given
by

H, (SF PM) = 2Hs —H~ —-2Hs .
'rhis field [-89 kG according to Eq (5)] i.s far out
of our reach at 1.6 K. However, by warming the
sample up in a 15 kG field, the SF- PM transition
can be reached at a temperature well below T„.
In this case, the temperature was about 5-V K.
(The cavity was lifted out of the helium for a few
seconds. ) The sample was then allowed to reach
4. 2 K, and the field reduced to 5 kG. The temper-
ature-field path is illustrated in Fig. 9. The reso-
nance spectrum obtained is shown in Fig. 10, which
should be compared with Fig. V. The signal ap-
pears to be the paramagnetic-resonance signal and
was observed for periods of from 3 to 15 min (the
maximum attempted) after the cycle. The linewidth
observed was about the same as that seen at 14 K
in the critical linewidth studies.

It is important to note that we do not know the
triple-point temperature and can not be certain we
entered the PM regime. This is why we show two
possible paths in Fig. 9. It has been pointed out

to me that if the anisotropy is small, the frequency
of one of the normal modes in the SF state may be
close to yH so long as H is not too close to the
critical field. Thus the resonance signal in Fig.
10 may not be unique to the PM phase although it
is certain that it does not correspond to the AJ'

regime. It should be noted that the total signal
strength in Fig. 10 corresponds closely to the
strength observed in the PM regime for T &T~.
If the sample is cooled to 1.6 K, the SF signa) in
Fig. 5 returns and the system can be recycled to
obtain the "PM" signal in Fig. 10. However, if
the sample temperature is allowed to warm well
above T~, the 4. 2-K spectrum becomes identical
to Fig. V; that is, we have passed into the AF
phase in the temperature-field cycle.

The signal observed in Fig. 10 was unexpected.
The result implies a very large hysteresis in the
phase boundaries on an H-T diagram. In fact, what
seems to be required is for the triple point (4. 2
& T, & - '1 K, H, - 8—9 kG) to move below 4. 2 K and/
or H, to move to lower fields in the temperature-
field cycle described.

In much of the previous work, we have relied on
theories developed for uniaxial crystals and ob-
viously are on "shaky" ground in applying these to
the present case. Surprisingly, the critical-broad-
ening results were very similar to experiments on
more symmetric materials. In the case of the SF- PM phase transition, we may be stretching the
analog to simpler systems too far. In any case,
the observation of a simple EPR-like signal para-
magnetic at 4. 2 K and 5» H» 15 kG is a very strik-
ing result.
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