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The establishment of a temperature distribution in a solid by optically excited diffusing and recombining 
carriers has been called the photothermal (PT) effect and has previously been described by the authors for 
certain special cases in semiconductors. The related effect with magnetic field is called the photomagneto­
thermal (PMT) effect. The paper gives a formulation of the theory governing the PMT effect and the case 
of weak magnetic fields and small temperature elevations in an infinite slab is worked out in detail. An appa­
ratus for measuring the effect as a function of temperature is described and experimental data are presented, 
giving for the first time proof of the existence of this effect in germanium. Considering the experimental 
difficulties the agreement between theory and measurements is quite good. 

I. INTRODUCTION 

TH E photomagnetothermal (PMT) effect is the 
establishment of a temperature distribution in a 

solid by optically excited diffusing and recombining 
carriers in the presence of a magnetic field. In the 
simplest case, depicted in Fig. 1, the directions of light 
incidence, magnetic field, and measured PMT tempera­
ture gradient are mutually perpendicular. The P M T 
effect may be regarded as a modification—caused by the 
influence of the magnetic field on the carrier diffusion— 
of the photothermal (PT) effect which has previously 
been described by the authors.1,2 While recombination-
heat effects under the influence of a magnetic field due 
to thermally generated carriers have been previously 
investigated,3-5 no recombination-heat effect involving 
optically generated carriers has to our knowledge been 
reported. The present experimental investigation of the 
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FIG. 1. Typical experimental arrangement for the investigation 
of the PMT effect. The PMT temperature difference is measured 
between thermocouples A and B. 
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photomagnetothermal effect in germanium, therefore, 
constitutes for the first time proof of the existence of 
such an optical recombination-heat effect. 

II. THEORY 

The general theory of the PMT effect is quite com­
plicated and a basic formulation has been given.2 We 
shall restrict ourselves here to the discussion of a simple 
case which, however, illustrates the salient features of 
the effect and is also amenable to experimental veri­
fication. 

PMT Effect in the Infinite Slab (Fig. 2) 

According to Eq. (II.5) of reference 2, the energy flux 
ip associated with a density of excess carriers is given by 

ip==EG(jAnnojp—V>ppo]n)/<ro, (i) 

where ao=qfxnno-\-qiJippo is the equilibrium conductivity 
of the sample. With the magnetic field in the z direction 
(Fig. 1) this energy flux in general has an x and a y 
component. The temperature distribution in the sample 
then depends on the boundary conditions for the total 
heat flux and for the temperature. As a simple case, we 
may assume that no energy flows through the sample in 
the x and z directions, i.e., in particular, 

f 
Jo 

fixdy=0, (2) 

where fix is the x component of the total internal heat 
flux. We assume that in the simplest case it consists only 
of fpx and the lattice thermal conductivity: 

fiz=fpx—K(dT/dx), (3) 

where T is the temperature and K is the customary 
thermal conductivity of the lattice and the equilibrium 
carriers. Substituting (3) into (2), one obtains 

I fp*dy=K 
Jo Jo 

(dT/dx)dy. (4) 
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FIG. 2. The photomagne to thermal effect in an infinite 
semiconductor slab. 

If one assumes that the PT temperature gradient 
(dT/dy) is independent of x and z, i.e., 

neutrality grad^=grad^, and that the D ember voltage 
Ey is given by7 

Dn-Dp dp 
Ey=~q (13) 

a dy 

(with <r = (Tn-\-<rp), one finds 

jpy*= -jny*= - {q/cr) (apDn+anDp) {dp/dy). (14) 
Since in the infinite slab with small temperature differ­
ences (dp/dx)~ (dn/dx) = 0, one obtains 

jVx=crpEx—dp(q/o)((xpDn+(TnDp){dp/dy)y (15) 

jnx^o-nEv+dniq/a) ((TpDn+<TnDp) (dp/dy). (16) 

Substituting Eqs. (15) and (16) into integral (8) yields 

dT EG r™ 
— = (crno^p—(rpofJLn)Ex j Apdy 
dx KWao JQ 

d fdT\ d/dT\ 

- [—)=- \—r°> 
dx\dy/ dz\dy/ 

it follows from curl g r a d r = 0 that 

d /6T\ 

-(—-Wo, 
dy\dx/ 

Ec 

(5) 

(6) 

-(<rnoOp-{~crpQd 
KW<To Jo 

' <TpDn+<TnDp dp 

a dy 
dy. (17) 

Since the photoconductance AG of the illuminated slab 
per unit width along the magnetic field and unit length 
in the x direction is given by 

and one finds with Eq. (4) that 

dT 1 

dx 

and with (1) that 

dT EG 

AG=q(fXp+fin) / Apdy, 
Jo 

(18) 

- 1 ru 

: KW Jo 
fpxdy, 

and the photomagnetoelectric (PME) short-circuit cur-
(7) rent IPME (SC) per unit width along the magnetic field is 

equal to [see reference 6, Eq. (37)] 

(e 

dx KWa0 

{^nnojpx~^ppojnx)dy. (8) 

P~On)q 
Jo 

' anDp+apDn dp 
-—. ( 

a dy 
•dy, (19) 

one may rewrite Eq. (17) as 

To calculate the PMT temperature gradient it is thus $x EG <Tnoidp—(rpoVn 
necessary to find expressions for j p x and j n x under the — = EZAG 
prevailing conditions. ^x Kwaoq Mp+Mn 

For small Hall angles, one finds according to van 
Roosbroeck6 EG <7no6p-\-<rpoQn 

Jpx—Jpx ~T~"p\jp XKJZ—J p x ~\"pjpy (9) 
KWa0q 6p—6n 

fPME 
(sc) (20) 

a n d . . . . We may now distinguish the two cases of electrical short 
Jnx=Jnx -\~On(jn Xk)x=jnx -\-Bnjny , (10) a n d 0pen circuit. In the first case where 

where Bp and 6n are the Hall angles for holes and elec­
trons, respectively, and one obtains 

Ex=0 

)p* = (Tp^—qDp gradp, 

3n* = <r„E+0Z7n grad^, 

( ID 

(12) 

dT 

dx 

EG (TnoOp-\-Vpo 

sc Kwa0q 6P—6n 

„(««) 

(21) 

(22) 

where crp—q^pp, an=qixnn, and E is the electric field. Considering that for weak magnetic fields the Hall 
Considering that under the assumption of local charge angles are proportional to the magnetic field one ob-

6 W. van Roosbroeck, Phys. Rev. 101, 1713 (1956), Eq. (13). 7 W. W. Gartner, Phys. Rev. 105, 823 (1957), Eq. (18). 



1682 G A R T N E R , L O S C O E , A N D M E T T E 

Magnetic field 

PME Contact 

PMT Thermocouple 

Ge sample 

Light source 

Mica insulator 

PMT Thermocouple 

PME Contact — 

Vacuum pump 

Vacuum joint 

Glass tube 

Heater 

Brass block 

FIG. 3. Apparatus for measuring PME and PMT effects. 

serves that the ratio of the PMT temperature gradient 
over the PME short-circuit current is independent of 
light intensity, magnetic field, lifetime, and surface 
recombination velocities. 

In the open-circuit case, one finds 

dT 

dx 

EG CnOAtp~°"pOAtn 
-AG 

KWa0qL Hp+ixn 

n 'pOVn "I 

CLE. 
n -J 

P M E 
(oc) (23) 

since the open circuit P M E field Ex PME(OC) and the 
short-circuit P M E current IPME ( S C ) are related by the 
equation 

E ( s e ) = _ G £ . P M E 
,(oc) (24) 

[see reference 6, Eq. (39)], where G is the conductance 
of the illuminated slab per unit width along the mag­
netic field and unit length in the x direction. 

In the small-signal case where the photoconductivity 
is everywhere small compared with the equilibrium 
conductivity, the influence of the photoconductance in 
Eq. (23) is small and the ratio of P M T temperature 
gradient over P M E open-circuit voltage is again inde­
pendent of light intensity, magnetic field, lifetime, and 
surface recombination velocity. I t is therefore relatively 
easy to compare measured values of these ratios with 
theoretical predictions. 

From Eqs. (22) and (23) which hold for surface and 
for bulk generation of carriers one observes the general 
characteristics of the PMT effect: 

The temperature gradient has different signs for p-
and n-type materials of the same lifetime, surface re­
combination velocities, and illumination conditions. Its 
dependence on the wavelength of the incident light 
follows the spectral distribution of the P M E effect as 
derived in reference 7. The ratio of P M T temperature 
gradient over P M E open-circuit voltage or short-circuit 
current is largest in low-resistivity samples. Upon ap­

proach to intrinsic conditions, n- or ^-type samples 
undergo a sign change depending on the relative magni­
tude of drift and Hall mobilities for electrons and holes. 

Figure 4(a) shows the theoretical ratio of P M T 
temperature difference over PME voltage as a function 
of temperature for the small-signal case as given by 
Eq. (23). The numerical values of the various parame­
ters are the same as those used in reference 3. 

III. EXPERIMENT 

From the above considerations it follows that the 
P M T effect is largest in materials capable of producing 
a high PME current. Since the highest PME effect so 
far has been measured in germanium,8 only this material 
was used for the present investigation. The experimental 
apparatus is shown in Fig. 3. 

The samples were slabs, 2 cm long, 0.7 cm wide, and 
about 0.5 mm thick of single-crystal germanium. Before 
being mounted, each sample was washed in alcohol and 
then in distilled water, etched in a mixture of half nitric 
and half hydrofluoric acids until shiny, and then rinsed 
thoroughly in distilled water. The surface selected to be 
the back surface was rubbed with fine sandpaper. This 
insures low recombination at the front surface and high 
recombination at the back. 

With the etched (shiny) side up, the sample was 
fastened with a drop of sauereisen cement to a thin 
sheet of mica which in turn was cemented to a brass 
block. The brass block was provided with heating coils 
so that the sample temperature could be raised. Tiny 
(0.002-in. diameter) copper-Constantan thermocouples 
were used in order to minimize as much as possible 
errors in thermocouple readings due to the magnetic 
field.9 The thermocouples allowed the measurement of 
both the P M T temperature difference and the absolute 
temperature of the sample. The PME voltage was meas­
ured with copper leads (0.010-in. diameter), that were 
attached to the ends of the sample by a small dab of 
silver paint and checked for ohmic contacts. 

Oxidation of the etched sample surface, even at room 
temperature, changes considerably the recombination 
rate of the etched surface and, therefore, the PMT and 
P M E effects. To minimize such changes during the 
temperature runs, the mounted sample was put into a 
glass tube which was evacuated throughout the experi­
ment. The tube was fitted at its top with a ground joint 
so that it could be easily opened to exchange samples. 
All thermocouple and lead wires left the tube through 
the top, the openings made airtight by melting sealing 
wax into them. A radiation shield made of aluminum 
foil enclosed the tube except for a hole, the size of the 
sample, through which the light from a microscope lamp 

8 A. Boatright, H. Mette, and E. Ahlstrom, "1961 Electron 
Devices Meeting, IRE, PGED," Washington, D. C , October 26-
28, 1961 (unpublished). 

9 C. Loscoe and H. Mette, Temperature, Its Measurement and 
Control in Science and Industry (Reinhold Publishing Corporation, 
New York, 1962), Vol. 3, Chap. 23. 
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TABLE I. Measured values of PMT temperature difference (for 
opposite directions of magnetic field) at 12 400 gauss and 45°C 
ambient temperature for six different samples, all 2 cm long. 

Resistivity (at room 
temperature) 

(ohm cm) Type 

PMT temperature 
difference 
(degrees) 

1.0 
5.2 

50 
5.6 
2.6 
0.87 

+0.075 
+0.045 
-0.006 
-0.024 
-0.022 
-0.051 

was focused on the sample. The shield also masked the 
thermocouple and the P M E leads from the light. The 
tube was then placed between the poles of an electro­
magnet. The direction of the magnetic field was perpen­
dicular to the plane of the diagram in Fig. 3. 

Measurements of the P M T temperature difference 
and the P M E voltage were made on both p- and n-type 
samples of various resistivities from room temperature 
to 150°C at a magnetic field strength of 12 400 gauss. 
This high field strength was necessary to bring the PMT 
effect into an experimentally accessible range. Although 
the PMT effect at these field strengths is no longer ex­
pected to be linear with the magnetic field, its deviation 
from linearity is not expected to be larger than the 20 to 
30% that were previously measured for the Nernst3 and 
PME 8 effects in germanium. The PMT temperature 
difference was measured by a Keithley Instruments 
model 149 millimicrovoltmeter connected between the 
two thermocouples. At each temperature the direction 
of the magnetic field was reversed every 30 sec and the 
meter readings recorded for a period of 10 min. These 
readings were plotted and averaged graphically. In this 
way any error arising from the drifting of the ambient 
temperature was eliminated. Thirty seconds between 
reversals of the field were found to be sufficient time for 
the sample to reach thermal equilibrium. 

A direct comparison among the measured values of 
the P M T temperature difference for the same sample at 
various temperatures and for samples of different re­
sistivities is difficult because surface conditions, and 
therefore recombination velocities, are not reproducible 
experimentally. However, an indication of the size of the 
PMT temperature difference can be obtained from the 
chart in Table I. I t shows measured values (for opposite 
directions of the magnetic field and, therefore, double 
the effect) at 12 400 gauss, 45°C ambient temperature, 
and high light intensities for six samples with different 
resistivities, all 2 cm long. 

The PME open-circuit voltage was measured at the 
same temperature as the P M T effect by means of a 
Hewlett-Packard millivoltmeter. Figure 4 shows meas­
ured values of the ratio of PMT temperature difference 
over P M E open-circuit voltage—which is independent 
of light intensity and surface recombination velocities, 
and therefore easier to measure—as a function of tem-
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FIG. 4. Ratio of PMT temperature gradient over PME open-
circuit field for p- and w-type germanium with various impurity 
concentrations as a function of temperature: (a) theoretical; (b) 
experimental at 12 400 gauss. 

perature from room temperature to 150°C for several p-
and ^--type germanium samples of different resistivities. 

IV. COMPARISON BETWEEN THEORY 
AND EXPERIMENT 

Figure 4 compares the theory of the P M T effect with 
the measured values. In view of the limited accuracy of 
the measurements due to the very small size of the 
PMT effect, the agreement between theory and experi­
ment is quite satisfactory. I t is seen that as predicted 
from Eq. (23) the P M T / P M E ratio is large for low-
resistivity samples and small for high-resistivity samples. 
I t is also clear that the sign of the ratio (as usually 
determined by the sign of the P M T effect) is positive 
for extrinsic ^>-type material and negative for extrinsic 
w-type material. In intrinsic germanium samples the 
sign is negative due to the fact that the ratio of electron 
over hole drift mobility is higher than the ratio of 
electron over hole Hall mobility. 

The following small discrepancies between theory and 
experiment are noticed: 

In the 50-ohm-cm ^>-type sample the sign of the P M T 
effect is already negative although theoretically the sign 
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change would be expected at somewhat lower carrier 
densities. 

The experimental curves are found to decrease more 
rapidly with increasing temperature than the theoretical 
ones. 

In some samples the experimental values begin to 
increase again at higher temperatures. 

Whether these deviations have real significance or are 
the result of systematic errors cannot be determined 

from the present experiments, especially since the PME 
effect decreases rapidly with increasing temperature.10 
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Sharp-line fluorescence, paramagnetic resonance in the ground state, and optical absorption due to Mn4+ 

in a-Al203 have been observed (analog of Cr3+). The Mn4+ valence state is obtained by charge compensation 
with Mg2+. The increased charge of Mn4+ compared to Cr3+ results in a stronger crystal field and greater 
covalency whose effects are clearly seen in both the optical and paramagnetic resonance results. The ground 
state splitting is 0.39 cm-1, almost the same as in ruby, while the metastable 2E state splitting is 80 cm-1. 
When the crystals are irradiated with ultraviolet (<3000 A), more than 50% of the ground state of Mn4+ 

is depopulated, as long-lived traps are filled which decay via the 2E states through sharp-line thermo­
luminescence. The possible application to light masers is briefly discussed. 

WE have observed sharp-line fluorescence, para­
magnetic resonance in the ground state, and 

optical absorption due to Mn4+ in CK-AI2O3 (analog of 
Cr3+). Also, in initial experiments more than 50% of 
the Mn4+ ground state has been depopulated by ultra­
violet irradiation, filling long-lived traps which decay 
via the 2E states through sharp-line thermolumines­
cence. This paper is a preliminary report of our findings 
whose intent is to draw attention only to the main 
properties of the system. A more detailed presentation 
will appear in a subsequent publication. 

Single crystals of a-Al203+Mn4+ were grown from 
oxide fluxes to which it was found necessary to add MgO 
powder to provide Mg2+ to charge compensate the Mn4+ 

which enters substitutional^ into the octahedral Al34* 
site. Similar results were obtained with Mg2+ com­
pensated crystals grown by the Linde Company by the 
flame fusion process. The concentration of Mn4+ in our 
experiments varied from about 0.1% to 0.001%. While 
reference may be found in the phosphor literature1,2 to 
Mn4+ in A1203, the description of the optical and mag-

* Now at the University of California, Lawrence Radiation 
Laboratory, P. O. Box 808, Livermore, California. 

1 P. Pringsheim, Fluorescence and Phosphorescence (Interscience 
Publishers, Inc., New York, 1949) who quotes E. Tiede and R. 
Piwonka, Chem. Ber. 64, 2252 (1931). 

2 F. A. Kroger, Some Aspects of the Luminescence of Solids 
(Elsevier Publishing Company, Inc., Amsterdam, Netherlands, 
1948). 

netic properties has been greatly extended and clarified 
in this work. 

The Mn4+ ion is isoelectronic with Cr3+ (3d3 con­
figuration) and the electronic states of the latter ion 
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FIG. 1. Absorption (a) and fluorescence (b) spectra of 
Al203+Mn4+ grown from flux. Concentration: less than 0.08% 
Mn4+ by weight. The curve in (b) is a microphotometer trace 
giving a nonlinear ordinate. 


